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Introduction 

The  objective  of  this  project  was  to  exploit  data  generated  in  the  Nelson  and  Febbo  groups 
demonstrating  that  although  most  CRPC  tumors  exhibit  androgen  receptor  (AR)  activity,  there  is 
significant  heterogeneity  in  the  level  of  AR  activity  within  tumors,  and  some  cancers  appear  to 
have  trivial  or  no  AR  activity  (“AR-null”).  Importantly,  even  in  patients  that  demonstrate  global 
continued  AR  activity  following  AR-targeted  therapies,  there  are  infrequent  tumor  deposits  with 
no  AR  expression.  Thus,  with  the  application  of  increasingly  potent  blockade  of  the  androgen 
axis,  resistant  clones/tumors  exhibiting  an  “AR-null”  signature  have  emerged  and  a  greater  per¬ 
centage  of  patients  have  AR-null  CRPC.  However,  at  this  time,  it  is  unclear  what  phenotypes, 
genotypes,  and  attendant  dominant  growth  and  survival  pathways  will  be  operative  to  “drive”  an 
AR-null  prostate  malignancy. 

The  objective  of  this  proposal  was  to  test  the  hypothesis  that  complete  AR  pathway  inhibition  se¬ 
lects  for  subpopulations  of  tumor  cells  that  are  completely  independent  of  AR  signaling  and  fur¬ 
ther,  that  these  resistant  cells  will  have  activated — and  be  dependent  upon — a  limited  set  of  spe¬ 
cific  survival  and  growth  regulatory  pathways  (stemming  from  genomic  alterations  in  specific 
oncogene  networks)  that  can  be  identified  and  targeted.  The  research  plan  comprised  3  Specific 
Aims  to  test  these  hypotheses.  Aim  1  was  designed  to  define  the  genomic  alterations  and  tran¬ 
script  variants  that  comprise  ‘states’  of  ARIPC.  Aim  2  was  designed  to  determine  if  target¬ 
ing/inhibiting  the  survival  pathway(s)  that  emerge  following  AR  pathway  ablation  would  restrain 
tumor  growth.  Aim  3  was  designed  to  determine  if  simultaneously  co-targeting  the  AR  pathway 
and  ARIPC  survival  pathway(s)  in  AR-sensitive  prostate  cancers  would  augment  tumor  respons¬ 
es  and  delay/prevent  recurrences. 

Body 

This  proposal  was  designed  as  a  “synergy”  project  between  the  laboratories  of  Dr.  Phil  Febbo  at 
the  University  of  California,  San  Francisco  (UCSF)  and  Dr.  Peter  Nelson  in  the  Division  of  Hu¬ 
man  Biology  at  the  Fred  Hutchinson  Cancer  Research  Center  (FHCRC).  Because  these  are  sepa¬ 
rate  awards  to  the  two  investigators,  this  progress  report  is  specific  to  tasks  from  the  statement  of 
work  (SOW)  assigned  to  the  Nelson  Lab  only  (or  to  progress  within  the  Nelson  Lab  for  joint 
tasks).  As  per  the  instructions,  progress  is  reported  in  association  with  each  of  the  relevant  tasks 
listed  in  the  SOW.  To  complete  the  Project  Aims,  we  have  divided  the  proposed  studies  into  dis¬ 
crete  Tasks.  We  have  numbered  these  Tasks  (e.g.  Task  1,  Task  2,  etc)  and  have  designed  them  as 
N  for  Nelson  lab,  F  for  Febbo  lab,  and  NF  for  Nelson  and  Febbo  joint  task.  The  time  frame  for 
the  Task  is  noted  as  Year  (Yl-3)  and  Quarter  (Ql-4).  Progress: 

Task  1.  Animal  protocol  administration  (see  previous  progress  reports) 

la:  Submit  established  animal  protocol  to  DOD  for  review  (Y1Q1)-N 
Task  completed. 

lb  Respond  to  comments  from  DOD  Review  (Y1Q1) — N 
Task  completed  and  protocols  were  approved. 

lc  Submit  revised  final  animal  protocol  to  Institutional  IACUC  approval  (Y1Q1) — -N 
Task  completed  and  protocols  were  approved. 

Id  Respond  to  comments  from  IACUC  (Months  7)  (Y1Q2) — N 
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Task  completed  and  protocols  amended. 

Milestone  #1:  IACUC  Approval  of  amended  animal  protocol  (Y1  Q3)-N 

Milestone  completed  and  protocol  approved.  FHCRC  IACUC  #1775 

Milestone  #2:  Activate  Amended  Animal  Protocol  (Y1Q3)-N 
Milestone  completed  and  protocol  activated. 

lf.  Amend/renew  animal  protocol  to  include  testing  of  novel  pathways  (Y2Q2) — -N 

Milestone  completed  and  protocols  activated. 

lg.  Annual  renewal  of  animal  protocol  (Y3Q3) — N 

Milestone  completed  and  protocols  activated. 

Task  2:  Analysis  of  scientific  aim  1:  Integration  of  genome-scale  bioinformatics-based  ap¬ 
proaches  with  quantitative  assessments  of  gene  expression  measurements  to  define  the 
pathways  associated  with  ARIPC 

2a.  Laser  Capture  Microdissection  of  150  CRPC  specimens  (Y1Q3) — -NF 

We  have  focused  this  task  on  150  CRPC  metastatic  prostate  cancer  samples.  These  were 
acquired  primarily  through  the  rapid  tissue  acquisition  necropsy  program  and  represent  single  or 
multiple  metastasis  from  the  same  patient.  During  the  course  of  the  study,  we  expanded  this  aim 
to  include  196  prostate  cancer  metastasis  and  primary  tumors.  Laser  Capture  Microdissections 
were  performed  on  each  of  these  196  tissues  to  enrich  for  tumors  and  appropriate  matched  cell 
counterparts  and  exclude  benign  components  (see  details  in  previous  progress  report).  High  qual¬ 
ity  RNA  and  DNA  was  obtained  from  196  samples  and  used  for  molecular  profiling  (see  tasks 
below). 

Task  completed. 

2b.  (Revised)  Splice  variant  analysis  of  150  CRPC  specimens  (Y1Q4) — F 
Task  to  Dr.  Febbo. 

2c.  (Revised)  SNP /Genomic  Copy  Number  analysis  of  150  CRPC  specimens  (Y1Q4) — N 

We  completed  array  CGH  analyses  of  196  tumors  and  matched  benign  (constitutional) 
DNA  to  determine  copy  number  variation  across  the  prostate  cancer  genome  and  followed  this 
up  with  targeted  sequencing  to  determine  single  nucleotide  polymorphism  (SNP)  and  mutation 
status.  Figure  1  shows  the  results  of  the  copy  number  variation  analysis  (loss/gain)  across  the  196 
prostate  samples  (included  in  Y2  progress  report).  Recurrent  high  frequency  alterations  in  sever¬ 
al  loci  are  shown  including  amplification  of  the  androgen  receptor  (AR)  and  alterations  in  several 
genes  that  may  contribute  to  AR  Pathway  Independent  Prostate  Cancer  (ARIPC)  (Figure  1). 

Task  completed. 

Milestone  #3:  Complete  processing  of  150  CRPC  specimens  (Y1Q4)—N 
Milestone  completed.  See  above. 

2d.  (Revised)  Classify  each  CRPC  with  respect  to  AR  splice  variation  (Y1Q3) — F 
Task  to  Dr.  Febbo. 

2e.  (Revised)  Classify  each  CRPC  with  respect  to  AR  amplification  (Y1Q3) — F 
Task  to  Dr.  Febbo. 
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2f  (Revised)  Classify  each  CRPC  with  respect  to  AR  activity,  androgen  levels,  AR  splice  varia¬ 
tion,  and  AR  copy  number  (Y1Q4)—F 
Task  to  Dr.  Febbo. 


Figure  1.  Copy  number  analyses  of  prostate  cancer  metastasis.  Red  depicts  chromosomal  regions  with  copy 
number  gain  and  Blue  depicts  regions  with  copy  number  loss.  X-axis  (columns)  of figure  the  full  human 
genome  ordered  by  chromosome  (1-X,Y).  The  Y-Axis  (Rows)  are  individual  patients  with  multiple  tumors 
per  patient.  Note  amplification  of  chromosome  8  (MYC  locus)  and  X  (AR  locus).  Regions  of  loss  or  gain 
represents  a  potential  pathway  promoting  ARIPC. 


Milestone  #4:  (Revised)  Impact  of  AR  splice  variation  and  AR  genetic  amplification  on  classifica¬ 
tion  of  CRPC  specimens  into  AR-specific  states  (Y1 Q4) 

As  described  in  the  Y1  and  Y2  progress  reports,  we  have  classified  the  prostate  cancer  metas¬ 
tasis  based  on  gene  expression  profiles  into  AR  activity  categories  and  subsequently  subdivided 
the  AR  activity  ‘high’  category,  representing  the  >90%  of  the  tumors,  into  subcategories  based  in 
AR  splice  variant  status  and  AR  amplification  status.  The  results  indicate  that  most  tumors  in  the 
AR  activity  ‘high’  category  has  AR  amplification,  -70%.  Further,  -30%  have  evidence  of  one  or 
more  splice  variants  of  the  AR  (Y7  or  V567)  (see  Reportable  Outcomes:  Yu  et  al  2014).  We 
identified  a  small  number  of  tumors,  -1%  that  do  not  exhibit  a  neuroendocrine/small  cell  pheno¬ 
type  and  do  not  express  AR  or  AR  target  genes.  In  addition  to  the  microarray  classifications,  we 
are  including  immunohistochemical  studies  to  rule-out  neuroendocrine  differentiation.  Figure  2 
demonstrates  ARIPC  tumors  that  are  AR-null  and  that  do  not  exhibit  NE  differentiation  as  de¬ 
termined  by  lack  of  chromogranin  and  synaptophysin  expression.  Milestone  Complete 

2g.  Associate  additional  pathways  with  ARIPC.  (Y1Q4) — Task  to  Dr.  Febbo 

In  addition  to  studies  conducted  by  Dr.  Febbo  in  defining  additional  pathways  associated 
with  ARIPC,  we  reported  in  the  Y1  Progress  Report  the  identification  of  a  pathway  involving 
LSD1  and  H3K4mel,2  demethylation  in  modulating  AR  activity.  This  pathway  may  represent  a 
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ligand- independent  subtype  of  CRPC,  still  dependent  on  AR  signaling,  but  does  not  appear  to 
promote  or  represent  a  driver  of  ARIPC  (see  Reportable  Outcomes  Cai  et  al  2011). 


Figure  2.  IHC  of  metastatic  prostate  cancers  showing  AR  and  PSA 
expression  (AR  activitv )  and  NE-cell  differentiation. 


As  described  in  the  Y2  progress  report,  we  performed  a  high- 
throughput  RNAi  screen  (HTRS)  using  two  androgen-sensitive 
prostate  cancer  cell  lines;  LNCaP  and  VCaP  to  identify  genes  ca¬ 
pable  of  promoting  the  growth  of  prostate  cancer  cells  in  the  ab¬ 
sence  of  exogenous  AR  ligands,.  We  hypothesized  that  a  subset 
of  genes  and  gene  networks  could  confer  a  castration-resistant 
phenotype  in  pros¬ 
tate  cancer  cells  pre¬ 
viously  dependent 
upon  androgen- 
mediated  signaling 
for  growth  and  sur¬ 
vival. 

Briefly,  cells 
were  cultured  in 
charcoal-dextran 
stripped  fetal  bovine 
serum  (CSS)  in  order 
to  simulate  androgen 
deprivation  therapy. 


Figure  3.  High  throughput  RNAi  screening 
identifies  suppressors  of  CRPC  growth.  Pools 
of  siRNAs  targeting  6650  genes  (Library)  were 
used  to  knockdown  individual  gene  targets  in 
LNCaP  and  VCaP  cells  grown  in  androgen- 
depleted  medium.  HTRS  Z-score  results  are 
plotted  for  the  LNCaP  (a)  and  VCaP  (b)  cell 
lines.  siUNI  is  a  non-targeting  scrambled  con¬ 
trol  siRNA.  siKifll  is  a  positive  control  cell 
death-inducing  siRNA  targeting  Kifll. 

(c)  In  the  library  screen,  380  siRNAs  and  240 
siRNAs  induced  castration-resistant  growth  in 
LNCaP  or  VCaP,  respectively.  Of  these,  40 
genes  induced  growth  in  androgen  depleted 
conditions  in  both  cell  lines  (Significance 
threshold:  Z>1.96). 
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A  library  of  siRNAs  designed  to  inhibit  the  translation  of  6650  individual  genes  (designated  the 
‘draggable  genome’)  was  used  in  an  arrayed  screening  strategy  whereby  a  pool  of  three  siRNAs 
targeting  each  specific  gene  was  separately  introduced  into  replicate  cell  cultures  (one  gene  per 
well)  in  384-well  culture  plates.  After  96  hours  of  growth,  cell  numbers  were  estimated  using  the 
Cell  Titer-Glo  luminescence  reagent.  Raw  luminescence  signal  intensity  from  the  HTRS  screen 
was  transformed  into  Z-scores  within  each  plate,  and  median  standardized  Z-scores  for  each  gene 
were  used  in  downstream  analysis.  To  prioritize  genes  for  further  study,  we  arbitrarily  set  a  sig¬ 
nificance  threshold  of  Z  >1.96.  At  this  cut-point,  suppression  of  380  unique  genes  in  LNCaP  and 
240  unique  genes  in  VCaP  induced  cell  growth  in  the  absence  of  exogenous  androgens  (Figure 
3),  of  which  40  induced  growth  in  both  cell  lines.  Of  the  40  genes  whose  suppression  induced 
growth  in  both  LNCaP  and  VCaP  cells,  2  encoded  components  of  the  PP2A  serine  and  threonine 
phosphatase  complex:  PPP2R2C  and  PPP2R1A. 


Genes  Promoting  ARIPC  Growth. 


2h.  Validate  additional  pathways  with  ARIPC  (Y2Q4) — NF 

As  detailed  in  the  Y2  progress  report,  we  prioritized  HTRS  hits  exhibiting  potential  tu¬ 
mor-suppressor  expression  patterns  by  cross-referencing  the  screen  results  with  transcript  abun¬ 
dance  levels  determined  by  microarray  measurements  of  laser-capture  microdissected  benign 
prostate  epithelia  (n=15),  ADT-resistant  primary  prostate  tumors  (n=14),  and  CRPC  metastases 
(n=54).  Out  of  the  40  proliferation-suppressor  genes  identified  in  the  in  vitro  HTRS,  14  genes 
were  significantly  downregulat- 
ed  in  primary  and  metastatic 
CRPC  samples  compared  to  be¬ 
nign  prostate  epithelia,  including 
PPP2R2C  and  PPP2RA1  (See 
Y2  Progress  Report).  Specifical¬ 
ly,  the  mean  expression  of 
PPP2R2C  in  these  primary  and 
metastatic  cancers  was  3.85-fold 
lower  (.P=0.034)  and  5.69-fold 
lower  (P<0.001)  than  benign 
prostate  epithelia,  respectively. 

PPP2R1A  expression  was  also 
decreased  in  metastatic  prostate 
tumors  (1.55-fold,  PO.OOl). 

We  next  evaluated  HTRS 
experimental  results  and  human 
prostate  gene  expression  data  for 
evidence  of  other  PP2A  compo¬ 
nents  behaving  as  tumor  sup¬ 
pressors.  Previous  studies  have 


Figure  4  (Right).  Genes  with 
significant  growth  suppressing 
effects  in  the  context  of  CRPC. 
Suppression  of  these  genes  with 
siRNA  promoted  the  growth  of 
prostate  cancer  cells  in  the  ab¬ 
sence  of  AR  ligands. 


Official  Gene 
Symbol 

Gene 

ID 

Gene  Name 

Median 

Z-Score 

LNCaP 

VCaP 

APOB 

338 

Apolipoprotcin  B  (including  Ag(x)  antigen) 

2.43 

1.97 

AQP8 

343 

Aquaporin  8 

2.40 

2.26 

ART4 

420 

ADP-ribosyltransferase  4 

2.03 

2.72 

CAPN13 

92291 

Calpain  13 

2.11 

2.29 

CYP2A6 

1548 

Cytochrome  P450,  family  2.  subfamily  A,  polypeptide  6 

2.19 

2.15 

DNAJB2 

3300 

DnaJ  (Hsp40)  homolog,  subfamily  B.  member  2 

3.79 

2.09 

DPEP1 

1800 

Dipeptidase  1 

3.22 

2.14 

ESRRB 

2103 

Estrogen-related  receptor  beta 

2.51 

2.81 

GABRA2 

25SS 

Gamma-aminobutyric  acid  A  receptor,  alpha  2 

2.44 

2.53 

G8P7 

388646 

Guanylatc  binding  protein  7 

3.07 

2.86 

IDS 

3423 

Iduronate  2-sulfatase 

2.00 

2.25 

KCND2 

37S1 

Potassium  voltage-gated  channel.  Shal-related  subfamily,  2 

2.20 

3.07 

KCTD5 

S4442 

Potassium  channel  tetramerisation  domain  containing  S 

3.13 

2.47 

KCTD12 

115207 

potassium  channel  tetramerisation  domain  containing  12 

3.54 

3.81 

KIF2C 

11004 

Kinesin  family  member  2C 

2.01 

2.01 

KLHL3 

26249 

Ketch  like  3 

2.39 

2.54 

KLHL13 

90293 

Kelch  like  13 

3.16 

2.42 

LAMB2 

3913 

Laminin,  beta  2 

3.48 

3.46 

MGC26694 

284439 

Hypothetical  protein  MGC26694 

3.49 

7.26 

MIPEP 

428S 

Mitochondrial  intermediate  peptidase 

2.27 

2.67 

NPM2 

10361 

Nudeophosmin/nucleoplasmin,  2 

2.26 

2.43 

NR2F1 

7025 

Nuclear  receptor  subfamily  2.  group  F,  member  1 

2.34 

3.45 

PAFAH1B1 

5048 

Platelet-activating  factor  acctylhydrolasc,  isoform  lb,  alpha 

2.70 

2.20 

PAQR4 

124222 

Progestin  and  adipoQ  receptor  family  member  IV 

2.38 

2.25 

PLOD2 

5352 

Procollagen -lysine,  2-oxoglutarate  5-dioxygenase  2 

2.32 

3.09 

PPP2R1A 

5518 

Protein  phosphatase  2  regulatory  subunit  A  (PR65  alpha) 

2.20 

3.29 

PPP2R2C 

5522 

Protein  phosphatase  2  regulatory  subunit  B  (PR55  gamma) 

2.81 

2.10 

PYGM 

5837 

Phosphorylasc,  glycogen;  muscle 

3.29 

2.25 

RAD23A 

5886 

RAD23  homolog  A 

3.21 

2.04 

RARG 

5916 

Retinoic  acid  receptor,  gamma 

2.04 

2.05 

RHD 

6007 

Rhesus  blood  group,  D  antigen 

2.41 

2.03 

RNF20 

56254 

Ring  finger  protein  20 

3.01 

2.03 

RNF144 

9781 

Ring  finger  protein  144 

2.39 

2.77 

SRM 

6723 

Spermidine  synthase 

2.34 

2.07 

TNXB 

7148 

Tenascin  XB 

2.32 

2.57 

TOPBP1 

11073 

Topoisomcrasc  (DNA)  II  binding  protein 

2.48 

2.22 

UBA6 

55236 

Ubiquitin-like  modifier  activating  enzyme  6 

2.01 

2.09 

UNCSC 

8633 

Unc-5  homolog  C 

3.68 

3.18 

USP21 

2700S 

Ubiquitin  specific  protease  21 

2.13 

2.17 

2FAND3 

60685 

Zinc  finger,  ANl  type  domain  3 

3.83 

3.65 
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reported  that  suppression  of  the  PP2A  constituents  PPP2CA  and  PPP2R2A  can  promote  castra¬ 
tion-resistant  prostate  cancer  cell  growth.  However,  transcripts  encoding  these  PP2A  subunits 
were  not  down-regulated  in  the  primary  prostate  cancers  we  evaluated.  Further,  transcripts  en¬ 
coding  PPP2CA  were  significantly  higher  in  metastatic  CRPC  (1.9-fold,  p<0.001.  In  the  HTRS 
experiments,  siRNAs  targeting  PPP2CA  or  PPP2R2A  did  not  induce  significant  castration- 
resistant  growth  in  either  LuCAP  or  VCaP  cells. 

Milestone  #5:  Identifications  of  additional  pathways  associated  with  ARIPC  (Y2Q2) 

Through  the  gene  expression  profiling  studies  and  the  RNAi  screening  studies  we  have 
identified  several  genes  and  pathways  with  the  potential  to  modulate  ARIPC  growth.  These  in¬ 
clude  MYC,  HDACs,  LSD1,  PPP2R2C,  Fibroblast  growth  factors  (FGFs),  3BHSD1  and  others 
listed  in  Figure  4  (see  Reportable  Outcomes  Chang  et  al  2013).  Confirmation  of  the  effects  of 
modulating  components  of  these  pathways  was  conducted  under  Task  3  (below). 

Milestone  Complete. 


Task  3:  Analysis  of  scientific  aim  2:  To  determine  if  targeting/inhibiting  the  pathway(s)  as¬ 
sociated  with  ARIPC  will  restrain  prostate  tumor  growth. 


3a.(Revised)  Determine  the  impact  of  inhibiting  MYC  in  ARIPC  (Y2Q4)-N 

Our  preliminary  studies  indicated  that  Myc  expression  can  promote  the  growth  of  pros¬ 
tate  cancer  cells  in  the  absence  of  AR  ligands  (Figure  5).  We  further  determined  that  AR  sup¬ 
pression  also  suppresses  Myc-target  genes  further  supporting  the  interaction  of  these  signaling 
programs  (Figure  6).  We  further  investigated  the  effects  of  Myc -pathway  antagonisms  on  the 
growth  of  ligand-independent  prostate  cancer  and  found  that  Myc  suppression  markedly  reduced 
the  growth  of  androgen-independent  prostate  cancers  (see  Task  3d  and  appended  manuscript: 
Gao  et  al  PLOS  One  2013).  Ongoing  experiments  are  evaluating  whether  Myc  can  completely 
bypass  the  requirement  of  AR  and  whether  Myc  suppression  can  suppress  the  growth  of  ARIPC. 


Figure  5.  Myc  expression  promotes  the 
growth  of  AR  ligand  dependent  prostate 
cancer  cells  in  the  absence  of  AR  ligands. 
The  effect  is  blocked  by  the  addition  of  the 
Myc  inhibitor,  10058-F4. 


Figure  6.  AR  suppression  recapitulates  the 
effect  of  c-Myc  suppression  on  c-Myc  target 
gene  expression.  LNCaP  and  abl  cells  were 
transfected  with  50  nM  of  non-targeted  con¬ 
trol  (NTC)  c-Myc  RNAi  oligonucleotides. 
Cells  were  switched  to  charcoal-stripped 
serum  on  the  day  of  transfection  and  har¬ 
vested  96  hours  later.  QRT-PCR  was  per¬ 
formed  to  determine  the  levels  of  the  indi¬ 
cated  c-Myc  target  genesrelative  to  actin. 

* denotes p,0.05  compared  to  NTC. 
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3b.  (Revised)  Determine  the  impact  of  targeting  HD  AC  family  members  in  AR1PC  (Y2Q4) — F 
Task  to  Dr.  Febbo. 


Milestone  #6:  (Revised)  Results  demonstrating  the  impact  of  MYC  and  HD  AC  inhibition  on 
ARIPC  xenografts  (Y2Q4)-F 

Task  to  Dr.  Febbo. 


PPP2R2C 


PPP2R2C 


*VCaP 

*=p<0.05 

*‘»p<0  001 


1 1 1 1 1 1  f  §  1  s  s  i 


3c.  Determine  the  impact  on  ARIPC  growth  of  inhibition  of  candidate  pathway  #1  identified  dur¬ 
ing  Tasks  2g  and  2h-(Y3Q3)NF 
As  detailed  in  the  Y2 
progress  report,  as  four  of  the 
16  PP2A  subunits  tested  in  the 
HTRS  experiments  induced 
AR  ligand-independent  prolif¬ 
eration  in  at  least  one  cell  line, 
we  sought  to  further  assess  the 
mechanism(s)  by  which  PP2A 
activity  contributes  to  this  phe¬ 
notype.  We  selected  PPP2R2C 
for  further  investigation  based 
on  the  findings  that  PPP2R2C 
induced  significant  castration- 
resistant  proliferation  in  both 
cell  lines  evaluated,  and 
PPP2R2C  was  the  HTRS  hit 
found  to  be  most  down- 
regulated  in  castration-resistant 
metastatic  prostate  cancer 
compared  to  benign  epitheli¬ 
um. 

Because  the  HTRS  experi¬ 
ments  were  performed  using 
pools  of  three  siRNAs  targeting 
each  gene,  we  evaluated  indi¬ 
vidual  siRNA  efficacy  by 
transfecting  LNCaP  and  VCaP 
with  the  deconvoluted  pool  of 
PPP2R2C  siRNAs,  designated 
siRNA  #1-3.  Suppression  of 
PPP2R2C  by  gene-specific 
siRNA  was  confirmed  by  qRT- 
PCR  and  correlated  with  assays 
of  cell  proliferation.  PPP2R2C 
knockdown  by  si#2  and  si#3 
were  confirmed  at  the  protein 
level  in  both  cell  lines  (Figure 


Figure  7.  siRNA  knockdown  of  PPP2R2C  induces  growth  in  LNCaP 
and  VCaP  through  pathways  independent  of  the  Androgen  Receptor. 
LNCaP  and  VCaP  were  transfected  with  PPP2R2C  siRNAs  (si#l-3), 
in  addition  to  a  scrambled  control  (siUNL)  and  a  positive  control  for 
transfection  (siKifll).  siUNL  +  InM  R1 881  is  a  positive  control  for 
androgen-induced  cell  growth  and  gene  expression,  (a)  Western  im- 
munoblot  analysis  of  PPP2R2C protein  with  siRNAs  targeting 
PPP2R2C.  (b)  Growth  of  LNCaP  and  VCaP  cells  in  androgen- 
depleted  medium  is  induced  by  PPP2R2C-targeted  siRNA  (c  -  d)  qRT- 
PCR  analysis  of  cDNA  collected  from  LNCaP  (c)  and  VCaP  (d) 
demonstrates  successful  suppression  of  PPP2R2C  expression. 
PPP2R2C  knockdown  does  not  increase  the  expression  of  AR  or  AR- 
regulated  genes  (PSA,  FKBP5,  TMPRSS2,  ERG).  Co-treatment  with 
non-targeting  siRNA  +  InM  R1881  induced  AR-regulated  gene  ex¬ 
pression.  Statistical  comparisons  of  gene  expression  were  performed 
between  siUNL  and  gene-specific  siRNA  within  each  cell  line,  (e-f) 
LNCaP  (e)  and  VCaP  (f)  were  transfected  with  non-targeting  siRNA 
or  siRNA  targeting  PPP2R2C  and  co-treated  with  5juM MDV3100. 
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7a).  Scrambled  control  siRNAs  (siUNI)  did  not  alter  PPP2R2C  expression  or  influence  cell  pro¬ 
liferation  (Figure  7b).  The  positive  control  for  cell  death,  siKiffll,  substantially  reduced  the 
number  of  tumor  cells  in  both  LNCaP  and  YCaP  experiments  (Figure  7b).  As  expected,  expos¬ 
ing  LNCaP  or  VCaP  cells  to  androgen  (R1881)  stimulated  proliferation  and  induced  the  AR  tar¬ 
get  genes  PSA,  FKBP5,  TMRPSS2,  and  ERG  (in  VCaP;  Figure  7b-d).  siRNA#l  suppressed 
PPP2R2C  transcripts  by  10-fold  in  both  cell  lines,  but  did  not  influence  cell  proliferation  in  ei¬ 
ther  line.  However,  both  siRNA  #2  and  siRNA  #3  reduced  PPP2R2C  mRNAs  in  LNCaP  by 
11.1-fold  and  4.2-fold  (P<0.001),  respectively  (Figure  7b-c),  and  induced  cell  proliferation  in 
androgen-depleted  medium  by  42%  (siRNA  #2,  P<0.001 )  and  72%  (siRNA  #3,  PO.OOl).  This 
increase  in  cell  number  approximated  the  influence  of  adding  the  androgen  R1881  (Figure  7b). 
In  VCaP  cells  PPP2R2C  transcripts  were  reduced  6.7-fold  by  siRNA  #2  and  4.2-fold  by  siRNA 
#3  (PO.OOl;  Figure  7d),  and  these  siRNAs  increased  cell  proliferation  by  approximately  33% 
in  androgen  depleted  growth  conditions  (.PO.OOl;  Figure  7b).  PPP2R2C  suppression  did  not 
alter  AR  or  PSA  expression  in  either  cell  line  (Figure  7c-d).  Suppression  of  PPP2R2C  with  siR¬ 
NA  #2  in  LNCaP  cells  did  slightly  decrease  the  expression  of  FKBP5  (1.4-fold,  P=0.02)  and 
TMPRSS2  (1.3-fold,  P= 0.02)  and  resulted  in  a  1.6-fold  increase  in  ERG  expression  (P=0.01; 
Figure  7c).  Suppression  of  PPP2R2C  with  siRNA  #3  in  VCaP  resulted  in  decreased  TMPRSS2 
expression  (1.2-fold,  P=0.01;  Figure  7d).  PPP2R2C  downregulated  with  si#3  in  LNCaP  and 
si#2  in  VCaP  did  not  affect  androgen-regulated  gene  expression.  These  data  indicate  that  the 
growth  advantages  attained  from  PPP2R2C  knockdown  were  not  mediated  by  an  increase  in  ca¬ 
nonical  AR  transcriptional  activity. 

To  further  assess  the  potential  role  of  the  AR  in  PPP2R2C  mediated  prostate  cancer  cell 
growth  in  the  context  of  androgen  depletion,  LNCaP  and  VCaP  cells  were  treated  with  the  AR 
antagonist  MDV3100.  In  the  absence  of  exogenous  androgens,  MDV3100  had  a  slight  effect  in 
reducing  VCaP  cell  numbers  after  96  hours  (12%,  p=0.05)  and  no  discemable  effect  on  LNCaP 
growth  (Figure  7e-f).  As  expected,  MDV3100  effectively  suppressed  the  proliferative  effects 
induced  by  the  synthetic  androgen  R1881  in  both  lines  (Figure  7e-f).  Suppression  of  PPP2R2C 
induced  cell  proliferation  in  VCaP  cells  (si#2:  24%,  p<0.001;  si#3:  18%,  p=0.002)  and  LNCaP 
cells  (si#2:  32%,  p<0.001;  si#3:  40%,  p<0.001)  in  androgen-depleted  medium  despite  treatment 
with  MDV3100  (Figure  7e-f).  Collectively,  these  experiments  confirm  that  PPP2R2C  loss  is 
sufficient  to  induce  AR  pathway-independent  proliferation  in  prostate  cancer  cells. 

Task  Completed 

3d.  Determine  the  impact  on  ARIPC  growth  of  inhibition  of  candidate  pathway  #2  identified  dur¬ 
ing  Tasks  2g  and  2h—(Y3Q4)  NF 

Results  of  the  gene  expression  profiling  studies  comparing  ARIPC  tumors  with  those  ex¬ 
pressing  an  active  AR  signaling  program  identified  the  FGF/FGFR  signaling  axis  as  a  potential 
mediator  of  ARIPC  progression.  Our  studies  confirmed  that  autocrine  FGF  contributes  to  the 
proliferation  of  LNCaPAPIPC  cells  and  also  promotes  the  growth  of  parental  LNCaP  cells  in  the 
absence  of  androgens  (Figure  8).  In  contrast  to  previous  studies  demonstrating  a  reciprocal  feed¬ 
back  loop  involving  PI3K  signaling  in  the  context  of  AR  pathway  suppression,  we  found  mini¬ 
mal  activity  of  the  PI3K  pathway  in  APIPC  cells  in  the  complete  absence  of  AR  (Figure  8B),  but 
substantial  activity  of  the  MAPK  pathway  (Figure  8C).  The  MAPK  pathway  was  activated  in 
parental  LNCaP  cells  by  exogenous  FGF8b,  and  MAPK  activity  and  cell  proliferation  were  each 
inhibited  in  both  parental  LNCaP  and  APIPC  cells  after  exposure  to  the  fibroblast  growth  factor 
receptor  (FGFR)  inhibitor  PD173074  (Figure  8D,E).  Expression  of  FGF8b  promoted  the  growth 
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of  LNCaP  cells  in  the  absence  of  androgens  (Figure  9).  Further,  in 
short-term  growth  experiments,  LNCaP  cells  with  doxycycline- 


inducible  ARshRNA  exposed  to  FGF8b  were  able  to  proliferate  following 
AR  knockdown,  and  transition  to  an  APIPC  phenotype  (Figure  9).  Though  these  experiments 
provide  support  for  our  hypotheses,  longer-term  studies  are  required  to  confirm  that  autocrine 
FGF  signaling  can  consistently  bypass  AR  and  sustain 
AR- independent  growth. 

Task  Completed 


Figure  8:  FGF8  signaling 
functions  as  an  autocrine 
growth  pathway  in  APIPC. 
(A)  qRT-PCR  confirms 
FGF8  is  upregulated  in 
APIPC  cells  relative  to  the 
parental  LNCaP  line.  (B) 
The  AKT  pathway  is  not 
activated  in  APIPC  cells.  (C) 
The  MEK  pathway  is  hyper- 
activated  in  APIPC  cells  in 
the  absence  of  androgen 
(R1881)  or  AR  (Dox-induced 
suppression).  (D)  Exogenous 
FGF 8b  activates  MAPK 
pathway  signaling  in  paren¬ 
tal  LNCaP  cells  and  further 
induces  MAPK  activity  in 
APIPC  cells.  MAPK  activity 
is  suppressed  by  the  FGFR 
inhibitor  PD1 73 0 74 

(PD074).  (E)  FGF8  pro¬ 
motes  the  proliferation  of 
parental  LNCaP  cells  in  the 
absence  of  androgens ,  an 
effect  that  was  blocked  by 
the  co-treatment  with 
PD 173074,  and  suppresses 
the  growth  of  APIPC  cells. 


Figure  9.  FGF8b  allows  LNCaP  cells  to  bypass  the  re¬ 
quirement  for  AR  activity  in  maintaining  proliferation. 
Shown  are  growth  curves  of  LNCaP  cells  expressing  a 
doxycycline-inducible  shRNA  targeting  AR.  Exogenous 
FGF8b  maintains  cell  growth  after  the  addition  of  Dox  to 
suppress  AR  (pink  triangle).  The  FGF8  effects  are  blocked 
by  the  FGFR  inhibitor  PD1 73074. 


3e.  Determine  the  impact  on  ARIPC  growth  of  inhibi¬ 
tion  of  candidate  pathway  #3  identified  during  Tasks 
2g  and  2h-(Y3Q4)—NF 

We  have  completed  studies  of  three  other  candidates,  RAC1,  RAC2,  and  HSD3B1  that 
emerged  from  the  initial  screens  and  molecular  profiling  studies  of  ARIPC  cell  growth  or  as¬ 
sessments  of  mutation  and  gene  expression  alterations  in  CRPC.  RAC1,  a  member  of  the  rho 
family  of  small  GTP  binding  proteins,  has  been  shown  to  promote  androgen  ligand-independent 
growth  in  LNCaP  cells  by  stimulating  the  atypical  protein  kinase  C  (aPKC)  pathway  leading  to 
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proliferation.  Our  studies  confirmed  this  result  and 
determined  that  RAC2  also  confers  this  phenotype 
( Figure  10).  RAC1  inhibitors  are  currently  in  devel¬ 
opment  for  clinical  effects  as  anticancer  agents. 
HSD3B1  is  a  steroid  metabolic  enzyme  identified 
through  detailed  studies  of  androgen  metabolism  by 
our  collaborator  Dr  Nima  Sharifi.  Knockdown  of 
HSD3B1  severely  impaired  the  growth  of  LNCaP 
prostate  cancer  cells  growing  in  medium  devoid  of 
testosterone  or  DHT  but  supplemented  with  the  pre¬ 
cursor  hormone  DHEA  (. Figure  11). 

Task  Completed. 


Figure  10.  LNCaP  cells  transduced  with 
RAC1  or  RAC2  ORF  constructs  proliferate 
in  androgen-depleted  growth  medium. 


Milestone  #7:  Results  demonstrating  the  impact  of 
inhibition  of  candidate  pathways  #1,  #2,  and  #3  on 
ARIPC  xenografts  ~(Y3Q4)—N 

We  completed  studies  of  agents  that  inhibit 
candidate  survival  pathways  in  ARIPC  xenografts. 
Individually,  we  did  not  observe  a  substantial  effect 
on  growth  suppression/improvement  in  survival.  We 
tested  Dasatinib,  DNP,  metformin,  and  dutasteride 
and  the  combination  of  metformin  with  dutasteride. 
A  representative  example  of  the  results  of  the  effects 
of  targeting  the  ARIPC  xenograft  LuCaP35V  with 
metformin  and  dutasteride  is  shown  in  Figure  12. 
The  improvement  in  survival  did  not  reach  statistical 
significance. 

Task  Completed. 


Task  4:  Analysis  of  scientific  aim  3:  To  determine 
if  simultaneously  co-targeting  the  AR  pathway 
and  ARIPC  survival  pathway(s)  in  AR-sensitive 
prostate  cancers  will  augment  tumor  responses 
and  delay/prevent  recurrences. 
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Figure  11.  LNCaP  cell  growth  in  DHEA- 
supplemented  medium  with  (shHSD3Bl)  or 
without  (shCTRL)  HSD3B1  suppression. 


KM  Plots  of  LuCaP  35V  xenograft  Survival  during  Metformin  Treatment 

Survival  of  Data  1:Survival  proportions 
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LuCaP  35V  Log  Rank  p=  0.431  (ns),  Trend  p=  0.171  (ns) 


4a.  (Revised)  Determine  the  impact  of  co-targeting 
AR  and  the  most  promising  pathways  out  of  SRC, 

MYC,  OxPhos  or  HD  AC  in  castration  sensitive  pros¬ 
tate  cancers.  (Y2Q4)-N 

We  have  completed  experiments  co-targeting  SRC  (with  Dasatinib)  in  two  CRPC  pros¬ 
tate  cancer  xenografts.  Briefly,  CB17-SCID  mice  were  castrated  at  eight  weeks  of  age.  After 
two  weeks  recovery,  these  mice  were  subcutaneously  implanted  with  a  LuCaP  35V  or  LuCaP49 
tumor  fragments.  Mice  were  measured  daily  for  tumor  growth.  When  a  mouse  with  a  tumor 
achieved  a  volume  of  200  mm3,  it  was  enrolled  into  Vehicle,  or  Dasatinib  treatment  groups. 
Treatments  were  administered  once  daily  by  oral  gavage  and  tumor  measurements  were  conduct¬ 
ed  every  other  day.  Tumors  were  harvested  from  mice  when  they  had  a  volume  greater  than  800 


Figure  12.  Survival  curve  of  the  ARIPC 
LuCaP35V xenograft  treated  with  vehicle 
control  (MetV/DutV)  or  the  indicated  agent. 
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mm  .  Paired  t-test  analysis  indicates 
that  there  was  no  significant  differ¬ 
ence  between  Vehicle  and  Dasatinib 
treatment.  Though  there  was  evidence 
of  growth  suppression  in  the  Lu- 
CaP49  tumors,  the  overall  suppres¬ 
sion  of  CRPC  tumor  growth  is  quite 
modest  and  unlikely  to  represent  a 
clinically-meaningful  response  in 
these  two  tumor  types  (LuCaP35V 
and  LuCaP49)  (Figure  13). 

Task  Complete. 

4b.  (Revised)  Determine  the  impact  of 
co-targeting  the  second  most  promis¬ 
ing  pathways  out  of  SRC,  MYC, 

OxPhos  or  HD  AC  in  castration  sensi¬ 
tive  prostate  cancers.-  (Y2Q4) — N 

We  have  completed  experi¬ 
ments  co-targeting  the  OxPhos  path¬ 
way  (with  DNP)  in  two  CRPC  pros¬ 
tate  cancer  xenografts.  Briefly,  CB17- 
SCID  mice  were  castrated  at  eight 
weeks  of  age.  After  two  weeks  re¬ 
covery,  these  mice  were  subcutane¬ 
ously  implanted  with  a  LuCaP  35V  or 
LuCaP49  tumor  fragments.  Mice 
were  measured  daily  for  tumor  growth.  When  a  mouse  with  a  tumor  achieved  a  volume  of  200 
mm3,  it  was  enrolled  into  Vehicle  or  DNP  treatment  groups.  Treatments  were  administered  once 
daily  by  oral  gavage  and  tumor  measurements  were  conducted  every  other  day.  Tumors  were 
harvested  from  mice  when  they  had  a  volume  greater  than  800  mm3.  Paired  t-test  analysis  indi¬ 
cates  that  there  was  no  significant  difference  between  Vehicle  and  DNP  treatment  duration.  The 
overall  alteration  of  CRPC  tumor  growth  is  quite  modest  and  unlikely  to  represent  a  clinically- 
meaningful  response  in  these  two  tumor  types  (LuCaP35V  and  LuCaP49)  ( Figure  14). 

Task  Complete. 


Figure  13.  Effect  of  Dasatinib  treatment  on  the  growth  of 
prostate  cancer  xenografts. 
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Milestone  #8:  (Revised)  Results  demonstrating  the  impact  of  cotargeting  AR  and  either  MYC  or 
HD  AC  inhibition  on  prostate  cancer  xenografts.  (Y2Q4).  -F 

The  in  vitro  studies  co-targeting  MYC  and  AR  are  complete  (see  Figure  5  above).  The  xeno¬ 
graft  studies  were  to  be  conducted  by  Dr.  Febbo.  Task  to  Dr.  Febbo. 


VCaP  AI  Xenograft  Growth  after 
Dasatinib  Treatment 


E 


"Vehicle 


~Dasat:nib 


4c.  Determine  the  impact  on  hormone  naive  prostate  cancer  xenograft  growth  of  co-targeting 
candidate  pathway  #1  and  AR  (Y3Q3)  —  NF 

We  carried  out  studies  using  the 
androgen  sensitive  cell  line/xenograft 
VCaP.  We  co-targeted  the  AR  pathway 
with  castration  and  the  SRC  resistance 
pathway  with  Dasatinib.  Castrate  CB17 
SCID  mice  were  injected  with  1  x  106 
VCaP  cells  mixed  with  matrigel/RPMI 
media  in  a  50:50  ratio.  Treatments  were 
started  when  the  tumor  volume  was  0.2 
cm  .  The  treatments  were  administered 
by  oral  gavage  fives  times  a  week. 

Measurements  were  taken  every  two 
days.  Dasatinib  dosage  was  at 
15mg/kg/day.  No  significant  differences 
in  tumor  growth  were  observed  with  Da¬ 
satinib  treatment  (Figure  15). 

Task  Complete. 
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Figure  15.  Effects  on  Dasatinib  and  androgen  suppression 
on  VCaP  xenograft  growth. 


4d.  Determine  the  impact  on  hormone  naive  prostate  cancer  xenograft  growth  of  co-targeting 
candidate  pathway  #2  and  AR  (Y3Q4) —  NF 

We  carried  out  studies  using  the 
androgen  sensitive  cell  line/xenograft 
VCaP.  We  co-targeted  the  AR  pathway 
with  castration  and  the  Metabolic  re¬ 
sistance  pathway  with  DNP.  Castrate 
CB17  SCID  mice  were  injected  with  1  x 
106  VCaP  cells  mixed  with  mat- 
rigel/RPMI  media  in  a  50:50  ratio. 

Treatments  were  started  when  the  tumor 
volume  was  0.2  cm3.  The  treatments  were 
administered  by  oral  gavage  fives  times  a 
week.  Measurements  were  taken  every 
two  days.  Dinitrophenol  dosage  was  at  10 
mg/kg/day.  There  were  at  least  four  tu¬ 
mors  in  each  treatment  group.  A  signifi¬ 
cant,  but  modest  growth  suppression  effect  was  observed  with  DNP  treatment  (Figure  16). 

Task  Complete. 
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Figure  16.  Effects  on  DNP  and  androgen  suppression  on 
VCaP  xenograft  growth. 


4e.  Determine  the  impact  on  hormone  naive  prostate  cancer  xenograft  growth  of  co-targeting 
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candidate  pathway  #3  and  AR  (Y3Q4)  —  NF 

We  carried  out  studies  using 
the  androgen  sensitive  cell 
line/xenograft  VCaP.  We  co-targeted 
the  AR  pathway  with  castration  and  a 
second  Metabolic  resistance  pathway 
with  Metformin.  Castrate  CB17  SCID 
mice  were  injected  with  1  x  106  VCaP 
cells  mixed  with  matrigel/RPMI  me¬ 
dia  in  a  50:50  ratio.  Treatments  were 
started  when  the  tumor  volume  was 
0.2  cm3.  The  treatments  were  admin¬ 
istered  by  oral  gavage  fives  times  a 
week.  Measurements  were  taken  eve¬ 
ry  two  days.  Metformin  dosage  was 
300  mg/kg/day.  There  were  at  least 
four  tumors  in  each  treatment  group.  An  insignificant  modest  growth  suppression  effect  was  ob¬ 
served  with  metformin  treatment  (Figure  17). 

Task  Complete. 

Milestone  #9:  Results  demonstrating 
the  impact  of  co-targeting  AR  and  can¬ 
didate  pathway  #1,  #2,  or  #3  on  pros¬ 
tate  cancer  Xenografts  —  NF 

Based  on  the  studies  completed 
in  4c-e  showing  none  to  modest  effects 
of  targeting  the  AR  pathway  with  an¬ 
drogen  suppression  and  a  secondary 
metabolic  pathway,  we  opted  to  attempt 
to  deepen  the  AR  pathway  suppression 
and  co-target  metabolic  effects  with 
metformin.  We  found  that  single  agent 
dutasteride  suppressed  VCaP  xenograft 
growth  (P<0.05  at  37  weeks)  (Figure 
18)  and  this  effect  was  further  enhanced 
with  the  addition  of  metformin  (P<0.05 
at  20  weeks)  (Figure  19). 

Task  Complete. 


Task  5:  Reporting  of  protocol  pro¬ 
cesses. 

5a.  Review  and  summarize  pathways 
specifically  associated  with  ARIPC 
(Y2Q2) 

We  completed  a  series  of  stud¬ 
ies  designed  to  identify  molecular  alter- 


Figure  18  (Top)  Effects  of  Dutasteride  and  androgen  sup¬ 
pression  on  VCaP  xenograft  growth. 

Figure  19  (Bottom)  Effects  of  Dutasteride,  androgen  sup¬ 
pression  and  metformin  on  VCaP  xenograft  growth. 


VCaP  AI  Xenograft  Growth  after 
Metformin  Treatment 
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Figure  1 7.  Effects  on  DNP  and  androgen  suppression  on 
VCaP  xenograft  growth . 
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ations  that  contribute  to  survival  and  growth  of  prostate  cancer  cells  following  suppression  of  the 
AR  pathway  leading  to  AR  pathway  independent  prostate  cancer.  The  molecular  profiling  stud¬ 
ies  identified  several  mechanisms  plausibly  contributing  to  ARIPC  progression  including  activa¬ 
tion  of  the  SRC  pathway,  induction  of  AR  splice  variants  that  activate  a  non-canonical  AR  sig¬ 
naling  program  (effectively  AR-canonical  pathway  Independent  Prostate  Cancer),  and  augmenta¬ 
tion  of  cellular  metabolism.  Individually  targeting  key  nodes  hypothesized  to  account  for  the  ac¬ 
tivation  of  these  pathways  did  not  exert  substantial  anti-tumor  effects  including  Dasatinib  to  in¬ 
hibit  SRC,  DNP  to  suppress  metabolism/respiratory  chain,  metformin  to  suppress  metabolism 
(and  AMPK).  It  is  not  clear  whether  each  treatment  effectively  ablated  or  inhibited  the  intended 
signaling  pathway,  and  this  will  be  the  focus  of  future  efforts.  However,  more  substantial  anti¬ 
tumor  effects  were  observed  when  further  targeting  the  AR  pathway  (with  dutasteride)  and  me¬ 
tabolism  (with  metformin).  As  both  of  these  drugs  are  approved  and  widely  used  clinically,  a 
clinical  trial  testing  the  effectiveness  of  the  combination  could  be  implemented  without  substan¬ 
tial  challenges. 

Task  Complete. 

Milestone  #10:  Abstract  submission  to  AARC  annual  meeting  reporting  pathways  associated 
with  ARIPC  (Y2Q2) 

The  following  abstracts  were  submitted  and  presented: 

1 .  Bluemn  EG,  Annis  J,  Grandori  C,  Nelson  PS.  Exploiting  the  Genomic  Programs  Underlying  An¬ 
drogen-Receptor-Null  Prostate  Cancer.  Department  of  Defense  IMPaCT  conference.  Orlando, 
FL,  March  2011.  Poster  P6-44. 

2.  Qu  X,  Davison  J,  Bluemn  EG,  Nelson  P,  Vessella  R,  Fang  M.  Genome-wide  methylation 
analysis  in  advanced-stage  prostate  cancer  models.  AACR-Advances  in  Prostate  Cancer 
Research  Conference,  2012.  Orlando,  FL,  February  2012. 

3.  Spencer  ES,  Bluemn  EG,  Gordon,  R,  Zhang,  X,  Johnston,  RB,  Lucas,  J,  Nelson,  P,  Porter,  C.  As¬ 
sociation  of  decreased  expression  of  protein  phosphatase  2  A  subunit  PR55y  (PPP2R2C)  with  an 
increased  risk  of  metastases  and  prostate  cancer-specific  mortality.  ASCO  conference.  June, 

2012. 

Task  Complete. 

5b.  Prepare  manuscript  reporting  identification  and  validation  of  pathways  specifically  associ¬ 
ated  with  ARIPC  (Y2Q3) 

The  following  manuscript  was  submitted  for  publication  in  October  2012 

Bluemn  EG,  Spencer,  ES,  Mecham,  B,  Gordon,  R,  Coleman,  I,  Lewinshtein,  D,  Annis,  J,  Gran¬ 
dori,  C,  Porter,  C,  Nelson,  PS.  PPP2R2C  loss  promotes  castration-resistant  prostate  cancer 
growth  and  is  associated  with  increased  prostate  cancer-specific  mortality.  Oncogene.  In  sub¬ 
mission. 

Milestone  #11:  Submit  abstract/manuscript  reporting  identification  and  validation  of  pathways 
associated  with  ARIPC  ( Y2Q3 ') 

Task  Complete  and  Milestones  Achieved  (see  5a  and  5b). 

5c. Prepare  manuscript  reporting  the  impact  of  inhibiting  SRC  in  castration  sensitive  and  ARIPC 
prostate  cancer  xenografts  (Y3Q2) 
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Studies  completed  and  the  manuscript  is  in  preparation. 

Milestone  #12:  Submit  abstract/manuscript  reporting  impact  of  SRC  inhibition  in  castration 
sensitive  and  AR1PC  xenografts  (Y3Q2) 

Studies  completed  and  the  manuscript  is  in  preparation. 

5d.  Prepare  manuscript  reporting  the  impact  of  inhibiting  oxidative  phosphorylation  in  hormone 
naive  and  ARIPC  xenografts  (Y3Q2) 

Studies  completed  and  the  manuscript  is  in  preparation. 

Milestone  #13:  Submit  manuscript  reporting  impact  of  oxidative  phosphorylation  inhibition  in 
castration  sensitive  and  ARIPC  xenografts  (Y3Q2) 

Studies  completed  and  the  manuscript  is  in  preparation. 

5e.  Prepare  manuscript  reporting  on  the  impact  of  inhibiting  candidate  pathways  #1,  #2,  and/or 
#3  in  hormone  sensitive  and  ARIPC  xenografts  (Y3Q4) 

Studies  are  completed  and  the  manuscript  is  in  preparation  for  submission. 

Milestone  #14:  Submit  abstract/manuscript  reporting  on  the  impact  of  inhibiting  candidate 
pathways  #1,  #2,  and/or  #3  in  hormone  sensitive  and  ARIPC  xenografts  (Y3Q4) 

Studies  are  completed  and  the  manuscript  is  in  preparation  for  submission. 

Key  Research  Accomplishments 

•  We  have  completed  the  laser  capture  microdissection  and  q/c  of  attendant  RNA/DNA  from 
196  castration  resistant  prostate  cancers  and  matched  controls. 

•  We  have  completed  transcript  profiling  (including  AR  expression)  from  196  prostate  cancer 
metastasis  (those  with  suitable  quality  RNA)  and  matched  controls. 

•  We  have  completed  genome  analysis  (copy  number  and  sequence  analysis)  for  196  prostate 
cancer  metastasis  (those  with  suitable  quality  DNA)  and  matched  controls. 

•  We  have  completed  a  high-throughput  screen  to  identify  genes  and  networks  involved  in 
maintaining  CRPC  growth  and  potentially  bypassing  AR  signaling  for  facilitating  tumor  pro¬ 
gression.  This  screen  identified  components  of  the  PP2A  signaling  complex  as  key  factors. 

•  We  have  completed  preclinical  trials  of  3  key  nodes  hypothesized  to  regulate  CRPC  growth: 
OxPhos,  Src,  and  AMPK.  The  Src  inhibitor  Dasatinib  and  the  OxPhos  inhibitor  DNP  did  not 
delay  CRPC  growth  whereas  the  SRD5A2  inhibitor  dutasteride  did  inhibit  growth. 

•  We  have  completed  preclinical  trials  co-targeting  the  AR  pathway  with  androgen  suppression 
and  dutasteride  and  metabolism/ AMPK  with  metformin  and  demonstrated  a  significant  sup¬ 
pression  of  prostate  cancer  growth. 

•  We  have  presented  results  of  these  studies  at  National  meetings  of  prostate  cancer  research. 

Reportable  Outcomes 

1 .  Bluemn,  EG.  Bypassing  androgen  pathway  dependence  in  advanced  prostate  cancer. 
[PhD  dissertation],  Seattle,  WA:  University  of  Washington;  2012. 

2.  Spencer  ES,  Bluemn  EG,  Gordon,  R,  Zhang,  X,  Johnston,  RB,  Lucas,  J,  Nelson,  P,  Por¬ 
ter,  C.  Association  of  decreased  expression  of  protein  phosphatase  2A  subunit  PR55y 
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(PPP2R2C)  with  an  increased  risk  of  metastases  and  prostate  cancer-specific  mortality. 
ASCO  conference.  June,  2012. 

3.  Qu  X,  Davison  J,  Bluemn  EG,  Nelson  P,  Vessella  R,  Fang  M.  Genome-wide  methylation 
analysis  in  advanced- stage  prostate  cancer  models.  AACR-Advances  in  Prostate  Cancer 
Research  Conference,  2012.  Orlando,  FL,  February  2012. 

4.  Bluemn  EG,  Nelson  PS.  The  androgen/androgen  receptor  axis  in  prostate  cancer.  Curr 
Opin  Oncol.  2012  May;24(3):251-7. 

5.  Bluemn  EG,  Annis  J,  Grandori  C,  Nelson  PS.  Exploiting  the  Genomic  Programs  Under¬ 
lying  Androgen-Receptor-Null  Prostate  Cancer.  Department  of  Defense  IMPaCT  confer¬ 
ence.  Orlando,  FL,  March  2011.  Poster  P6-44. 

6.  Cai  C,  He  HH,  Chen  S,  Coleman  I,  Wang  H,  Fang  Z,  Chen  S,  Nelson  PS,  Liu  XS,  Brown 
M,  Balk  SP.  (201 1)  Androgen  receptor  gene  expression  in  prostate  cancer  is  directly  sup¬ 
pressed  by  the  androgen  receptor  through  recruitment  of  lysine-specific  demethylase  1 . 
Cancer  Cell.  2011  Oct  18:20(41:457-71. 

7.  Chang  KH,  Li  R,  Kuri  B,  Lotan  Y,  Roehrborn  CG,  Liu  J,  Vessella  R,  Nelson  PS,  Kapur 
P,  Guo  X,  Mirzaei  H,  Auchus  RJ,  Sharifi  N  (2013)  A  Gain-of-Function  Mutation  in  DHT 
Synthesis  in  Castration-Resistant  Prostate  Cancer.  Cell  2013  Aug  29;  154(5):  1074-84 

8.  Gao  L,  Schwartzman  J,  Gibbs  A,  Lisac  R,  Kleinschmidt  R,  Wilmot  B,  Bottomly  D, 
Coleman  I,  Nelson  P,  McWeeney  S,  Alumkal  J.  (2013)  Androgen  receptor  promotes  lig¬ 
and-independent  prostate  cancer  progression  through  c-Myc  upregulation.  PLoS  One. 
2013  May  21;8(5):e63563 

9.  Qu  X,  Randhawa  G,  Friedman  C,  Kurland  BF,  Glaskova  L,  Coleman  I,  Mostaghel  E,  Hi- 
gano  CS,  Porter  C,  Vessella  R,  Nelson  PS,  Fang  M.  (2013)  A  Three-Marker  FISH  Panel 
Detects  More  Genetic  Aberrations  of  AR,  PTEN  and  TMPRSS2/ERG  in  Castration- 
Resistant  or  Metastatic  Prostate  Cancers  than  in  Primary  Prostate  Tumors.  PLoS  One.  Sep 
30;8(9):e74671 

10.  Mostaghel  EA,  Nelson  PS,  Lange  P,  Lin  DW,  Taplin  ME,  Balk  S,  Ellis  W,  Kantoff  P, 
Marck  B,  Tamae  D,  Matsumoto  AM,  True  LD,  Vessella  R,  Penning  T,  Hunter  Merrill  R, 
Gulati  R,  Montgomery  B.  (2014)  Targeted  Androgen  Pathway  Suppression  in  Localized 
Prostate  Cancer:  A  Pilot  Study.  J  Clin  Oncol.  2014  Jan  20;32(3):229-37  PMID:  24323034 

11.  Yu  Z,  Chen  S,  Sowalsky  AG,  Voznesensky  O,  Mostaghel  EA,  Nelson  PS,  Cai  C,  Balk  SP 
(2014)  Rapid  Induction  of  Androgen  Receptor  Splice  Variants  by  Androgen  Deprivation 
in  Prostate  Cancer.  Clin  Cancer  Res.  2014  Jan  21.  PMID:  24449822 


Conclusion 

We  have  completed  the  tasks  that  comprised  the  specific  aims  of  our  proposal.  The  data  generat¬ 
ed  from  profiling  human  castration  resistant  prostate  cancer  metastasis  and  shRNA  screening 
studies  were  used  to  identify  AR-bypass  pathways  that  plausibly  contribute  to  CPRC  growth,  and 
specifically,  ARIPC  progression.  Targeting  three  candidate  pathways  identified  a  drug  combina¬ 
tion,  dutasteride  and  metformin,  that  when  combined  with  androgen  suppression,  suppressed  the 
growth  of  prostate  cancer  in  preclinical  models.  A  clinical  trial  combining  these  agents  repre¬ 
sents  the  next  step  in  translating  these  findings  to  the  clinical  management  of  men  with  prostate 
cancer. 
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Appendix. 

The  following  manuscripts  detailing  experimental  methods,  results  and  reportable  outcomes  are 
appended  to  this  final  report. 

1.  Cai  C,  He  HH,  Chen  S,  Coleman  I,  Wang  H,  Fang  Z,  Chen  S,  Nelson  PS,  Liu  XS,  Brown 
M,  Balk  SP.  (201 1)  Androgen  receptor  gene  expression  in  prostate  cancer  is  directly  sup¬ 
pressed  by  the  androgen  receptor  through  recruitment  of  lysine-specific  demethylase  1 . 
Cmcer  Cell.  2011  Oct  18:20(41:457-71. 

2.  Chang  KH,  Li  R,  Kuri  B,  Lotan  Y,  Roehrborn  CG,  Liu  J,  Vessella  R,  Nelson  PS,  Kapur 
P,  Guo  X,  Mirzaei  H,  Auchus  RJ,  Sharifi  N  (2013)  A  Gain-of-Function  Mutation  in  DHT 
Synthesis  in  Castration-Resistant  Prostate  Cancer.  Cell  2013  Aug  29;  154(5):  1074-84 

3.  Gao  L,  Schwartzman  J,  Gibbs  A,  Lisac  R,  Kleinschmidt  R,  Wilmot  B,  Bottomly  D, 
Coleman  I,  Nelson  P,  McWeeney  S,  Alumkal  J.  (2013)  Androgen  receptor  promotes  lig¬ 
and-independent  prostate  cancer  progression  through  c-Myc  upregulation.  PLoS  One. 
2013  May  21;8(5):e63563 

4.  Qu  X,  Randhawa  G,  Friedman  C,  Kurland  BF,  Glaskova  L,  Coleman  I,  Mostaghel  E,  Hi- 
gano  CS,  Porter  C,  Vessella  R,  Nelson  PS,  Fang  M.  (2013)  A  Three-Marker  FISH  Panel 
Detects  More  Genetic  Aberrations  of  AR,  PTEN  and  TMPRSS2/ERG  in  Castration- 
Resistant  or  Metastatic  Prostate  Cancers  than  in  Primary  Prostate  Tumors.  PLoS  One.  Sep 
30;8(9):e74671 

5.  Mostaghel  EA,  Nelson  PS,  Lange  P,  Lin  DW,  Taplin  ME,  Balk  S,  Ellis  W,  Kantoff  P, 
Marck  B,  Tamae  D,  Matsumoto  AM,  True  LD,  Vessella  R,  Penning  T,  Hunter  Merrill  R, 
Gulati  R,  Montgomery  B.  (2014)  Targeted  Androgen  Pathway  Suppression  in  Localized 
Prostate  Cancer:  A  Pilot  Study.  J  Clin  Oncol.  2014  Jan  20;32(3):229-37  PMID: 

24323034 

6.  Yu  Z,  Chen  S,  Sowalsky  AG,  Voznesensky  O,  Mostaghel  EA,  Nelson  PS,  Cai  C,  Balk  SP 
(2014)  Rapid  Induction  of  Androgen  Receptor  Splice  Variants  by  Androgen  Deprivation 
in  Prostate  Cancer.  Clin  Cancer  Res.  2014  Jan  21.  PMID:  24449822 
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SUMMARY 

Androgen  receptor  (AR)  is  reactivated  in  castration-resistant  prostate  cancer  (CRPC)  through  mechanisms 
including  marked  increases  in  AR  gene  expression.  We  identify  an  enhancer  in  the  AR  second  intron  contrib¬ 
uting  to  increased  AR  expression  at  low  androgen  levels  in  CRPC.  Moreover,  at  increased  androgen  levels, 
the  AR  binds  this  site  and  represses  AR  gene  expression  through  recruitment  of  lysine-specific  demethylase  1 
(LSD1)  and  H3K4me1,2  demethylation.  AR  similarly  represses  expression  of  multiple  genes  mediating 
androgen  synthesis,  DNA  synthesis,  and  proliferation  while  stimulating  genes  mediating  lipid  and  protein 
biosynthesis.  Androgen  levels  in  CRPC  appear  adequate  to  stimulate  AR  activity  on  enhancer  elements, 
but  not  suppressor  elements,  resulting  in  increased  expression  of  AR  and  AR  repressed  genes  that 
contribute  to  cellular  proliferation. 


INTRODUCTION 

The  standard  treatment  for  metastatic  prostate  cancer  (PCa)  is 
surgical  or  medical  castration  to  reduce  circulating  androgens 
(androgen  deprivation  therapy  [ADT])  and  suppress  activity  of  the 
androgen  receptor  (AR),  but  patients  invariably  relapse  with 
more  aggressive  castration-resistant  prostate  cancer  (CRPC). 
Significantly,  early  studies  showed  that  AR  was  highly  expressed 
in  CRPC  (Ruizeveld  de  Winter  et  al.,  1994),  and  further  studies  in 
clinical  samples  and  xenograft  models  have  confirmed  that  AR 
mRNA  is  highly  expressed  and  consistently  increased  in  CRPC 
compared  to  levels  prior  to  ADT  (Taplin  et  al.,  1995;  Gregory 
et  al.,  2001;  Holzbeierlein  et  al.,  2004;  Chen  et  al.,  2004;  Stan- 
brough  et  al.,  2006).  Multiple  androgen  regulated-genes,  including 


prostate-specific  antigen  (PSA)  and  the  TMPRSS2:ERG  fusion 
gene,  are  also  highly  expressed  in  CRPC,  indicating  that  AR  tran¬ 
scriptional  activity  has  been  reactivated  despite  castrate  serum 
androgen  levels  (Stanbrough  et  al.,  2006;  Cai  et  al.,  2009).  Mecha¬ 
nisms  that  may  contribute  to  restoring  AR  activity  in  CRPC  include 
AR  mutations  or  alternative  splicing,  increased  intratumoral 
androgen  synthesis,  increased  coactivator  expression,  and  acti¬ 
vation  of  several  kinases  that  may  directly  or  indirectly  sensitize 
AR  to  low  levels  of  androgens  (Yuan  and  Balk,  2009).  Moreover, 
studies  in  xenograft  models  indicate  that  even  modest  increases 
in  AR  protein  expression  may  alone  render  tumors  resistant  to 
castration  and  to  available  AR  antagonists  (Chen  et  al.,  2004). 

Despite  the  critical  role  AR  plays  in  PCa  development 
and  progression  to  CRPC,  the  mechanisms  that  regulate  its 


Significance 

This  study  shows  that  AR  can  function  through  a  suppressor  element  to  repress  its  own  expression  and  the  expression  of 
additional  genes,  including  those  that  mediate  androgen  synthesis.  This  negative  feedback  loop  suppresses  AR  signaling  at 
high  androgen  levels  but  allows  increased  AR  and  androgen  synthesis  in  CRPC.  Moreover,  decreased  androgen  levels  in 
CRPC,  although  adequate  to  stimulate  AR  on  enhancer  elements,  may  relieve  AR  suppression  of  genes  mediating  DNA 
synthesis/proliferation  and  thereby  contribute  to  tumor  growth.  Distinct  mechanisms  of  AR  action  on  enhancer  versus 
suppressor  elements  may  make  it  possible  to  selectively  augment  AR  transcriptional  repressor  function  and  thereby 
prevent  or  delay  emergence  of  CRPC. 
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Figure  1.  Androgen  Decreases  AR  Protein  Expression  in  VCaP  Cells 

(A)  LNCaP,  CWR22Rv1 ,  LAPC4,  or  VCaP  cells  were  treated  with  0,  1 ,  or  10  nM  DHT  for  24  hr  and  AR  or  p-actin  were  immunoblotted. 

(B)  VCaP  cells  were  treated  with  and  without  DHT  for  4,  8,  or  24  hr,  and  AR,  PSA,  or  p-actin  were  immunoblotted. 

(C)  VCaP  cells  were  treated  with  0,  0.1 ,  1 ,  or  10  nM  DHT  and  with  0,  10,  or  40  bicalutamide  for  24  hr  and  immunoblotted  for  AR,  Ser  81  phosphorylated  AR, 
PSA,  or  p-actin. 

(D)  VCaP  or  LNCaP  cells  were  pretreated  with  and  without  10  nM  DHT  for  24  hr  and  then  treated  with  MG1 15/MG132  for  4  hr. 

(E)  VCaP  or  LNCaP  cells  were  pretreated  with  and  without  DHT  for  2  hr  and  then  treated  with  cycloheximide  (10  ng/mL)  for  0,  2,  4,  or  6  hr. 

(F)  VCaP  or  LNCaP  cells  were  transiently  transfected  with  empty  vector  or  3xFlag-AR.  After  24  hr,  cells  were  treated  with  and  without  1 0  nM  DHT  for  24  hr  (note: 
the  prostate  cancer  cells  were  steroid-depleted  by  culturing  in  medium  with  charcoal/dextran  stripped  serum,  CSS,  for  3  days  before  treatments  in  all  experi¬ 
ments).  See  also  Figure  SI . 


expression  and  contribute  to  its  increased  expression  in  CRPC 
are  not  well  understood.  AR  mRNA  levels  may  be  controlled 
physiologically  by  a  suppressor  element  in  the  5'  UTR  of  the 
AR  gene  that  regulates  transcription  (Kumar  et  al.,  1994;  Wang 
et  al.,  2004,  2008)  and  by  an  element  in  the  3'  UTR  that  regulates 
mRNA  stability  (Yeap  et  al.,  2002).  Mechanisms  contributing  to 
the  increased  AR  mRNA  in  CRPC  include  AR  gene  amplification 
in  about  one-third  of  patients  with  CRPC  (Visakorpi  et  al.,  1995) 
and  increased  E2F  activity  in  RB-deficient  tumors  (Sharma  et  al., 
201 0).  Previous  studies  in  androgen-sensitive  rodent  tissues  and 
in  LNCaP  PCa  cells  have  shown  that  androgens  can  negatively 
regulate  AR  gene  transcription,  suggesting  that  AR  mRNA  may 
also  increase  after  ADT  as  a  result  of  relief  from  this  negative 
regulation  (Quarmby  et  al.,  1990;  Shan  et  al.,  1990;  Krongrad 
et  al.,  1 991 ;  Blok  et  al.,  1 992).  However,  the  androgen-mediated 
changes  in  AR  mRNA  levels  in  LNCaP  cells  are  modest,  and 
the  molecular  basis  for  this  negative  regulation  has  not  been 
determined.  In  contrast  to  these  findings  in  LNCaP  cells,  we 
reported  recently  that  AR  mRNA  levels  in  VCaP  PCa  cells  and 
xenografts  were  rapidly  and  substantially  increased  in  response 
to  androgen  deprivation,  suggesting  that  relief  from  AR-medi- 
ated  negative  regulation  of  AR  gene  expression  may  make  a 
significant  contribution  to  increasing  AR  mRNA  in  CRPC  (Cai 
et  al.,  2009).  This  study  addresses  the  molecular  basis  for  this 


negative  regulation  of  AR  gene  expression  by  the  androgen 
liganded  AR. 

RESULTS 

Androgen  Decreases  AR  Protein  in  VCaP  Cells 

The  VCaP  PCa  cell  line  was  derived  from  a  vertebral  metastasis 
in  a  patient  with  CRPC,  and  it  expresses  wild-type  (WT)  AR  and 
AR-regulated  genes,  such  as  PSA  and  the  TMPRSS2:ERG 
fusion  gene  (Korenchuk  et  al.,  2001;  Loberg  et  al.,  2006;  Cai 
et  al.,  2009).  In  the  absence  of  exogenous  androgen,  AR  protein 
expression  in  VCaP  cells  was  higher  than  in  other  PCa  cell  lines, 
including  LNCaP,  LAPC4,  and  CWR22Rv1  cells  (the  latter 
express  a  mutant  AR  with  a  duplicated  exon  3)  (Figure  1A).  AR 
protein  was  increased  by  24  hr  of  DHT  treatment  in  LNCaP, 
LAPC4,  and  CWR22Rv1  cells,  consistent  with  previous  data 
showing  that  androgen  binding  increases  AR  protein  stability 
(Kemppainen  et  al.,  1992).  In  contrast,  although  AR  protein  in 
VCaP  was  modestly  increased  after  4  hr  of  DHT  (Figure  1 B),  it 
was  markedly  decreased  at  24  hr  (Figure  1A)  and  after  3  days 
of  DHT  (see  Figure  SI ,  which  is  available  with  this  article  online). 
This  decrease  could  be  blocked  by  bicalutamide,  an  AR  antago¬ 
nist,  indicating  it  was  dependent  on  the  agonist  liganded  AR  (Fig¬ 
ure  1C).  Although  AR  protein  was  decreased  by  DHT,  serine  81 
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Figure  2.  Agonist-Liganded  AR  Negatively  Regulates  AR  Gene  Transcription 

(A)  VCaP  or  LNCaP  cells  were  treated  with  0,  0.01, 0.1,  1,  or  10  nM  DHT  for  4,  8,  or  24  hr  and  AR  mRNA  was  measured  using  qRT-PCR. 

(B)  VCaP  cells  were  DHT  stimulated  for  24  hr  and  mRNA  for  PSA  and  ERG  were  measured  by  qRT-PCR. 

(C)  VCaP  cells  were  treated  with  cycloheximide  (10  ng/mL)  and  DHT  or  vehicle,  and  AR  mRNA  was  then  measured  by  qRT-PCR  after  0,  1 , 4,  8,  or  24h  (mRNA 
expression  was  normalized  to  internal  control  18S  RNA  in  all  the  experiments). 

(D)  VCaP  cells  were  treated  with  0,  0.1,  1,  or  10  nM  DHT  and  with  0,  10,  or  40  [xM  bicalutamide  for  24  hr  and  AR  mRNA  was  measured  by  qRT-PCR. 

(E)  Left  panel:  androgen-starved  VCaP  cells  were  pretreated  with  DHT  or  vehicle  for  2  hr  followed  by  addition  of  actinomycin  D  (10  jxM);  right  panel:  VCaP  cells 
growing  in  medium  with  DHT  were  switched  to  the  same  medium  with  or  without  DHT  for  1 6  hr,  followed  by  addition  of  actinomycin  D.  AR  mRNA  was  measured 
by  qRT-PCR  at  the  indicated  times  after  actinomycin  D  addition.  Levels  at  time  0  were  normalized  to  1  under  both  conditions  in  the  left  panel  and  under  the  DHT 
removal  condition  in  the  right  panel.  Dotted  lines  indicate  50%  maximal  level. 

(F)  VCaP  cells  were  treated  with  or  without  DHT  for  4  hr.  The  DNA  bound  to  RNA  polymerase  II  or  active  RNA  polymerase  II  (phospho-Ser5)  was  immunopre- 
cipitated  and  measured  by  qPCR.  Error  bars  in  each  experiment  indicate  standard  deviation  (SD). 


phosphorylation  (associated  with  AR  transcriptional  activity)  and 
PSA  expression  were  markedly  increased,  indicating  that  DHT 
was  strongly  inducing  AR  transcriptional  activity  (Figures  IB 
and  1C). 

AR  protein  levels  in  VCaP  and  LNCaP  cells  were  increased  by 
proteasome  inhibitors  (MG115  and  MG132,  MG)  in  the  absence 
of  DHT,  but  these  inhibitors  did  not  prevent  the  marked  decrease 
in  AR  protein  in  response  to  DHT  in  VCaP  cells,  indicating  that 
the  molecular  basis  for  this  decline  was  not  increased  protea- 
some-mediated  AR  degradation  (Figure  1 D).  To  directly  address 
whether  the  DHT  liganded  AR  was  less  stable  in  VCaP  versus 
LNCaP  cells,  we  pretreated  androgen-depleted  cells  with  DHT 
or  vehicle  for  2  hr  and  then  added  cycloheximide  (CHX)  to  block 
new  protein  synthesis.  Significantly,  AR  protein  half-life  in  VCaP 
cells,  similarly  to  LNCaP  cells,  was  not  decreased  by  DHT, 
demonstrating  that  DHT  was  not  directly  (through  binding  to 
the  AR)  enhancing  AR  degradation  (Figure  IE).  Finally,  DHT  in 
VCaP  cells  markedly  increased  expression  of  transiently  trans¬ 
fected  Flag-tagged  AR  regulated  by  a  CMV  promoter,  further 
indicating  that  DHT  was  not  enhancing  AR  protein  degradation 
(Figure  IF).  Therefore,  we  next  examined  effects  on  AR  mRNA. 


Agonist-Liganded  AR  Negatively  Regulates  AR  Gene 
Transcription 

Androgen  has  been  reported  to  cause  a  modest  decrease  in 
AR  mRNA  in  LNCaP  cells  (Krongrad  et  al. ,  1991),  but  DHT  in 
VCaP  caused  a  rapid  and  more  dramatic  decrease  in  AR 
mRNA  (Figure  2A).  Interestingly,  a  higher  DHT  concentration 
was  required  to  suppress  AR  mRNA  compared  to  the  levels  for 
induction  of  PSA  and  ERG  mRNA  (the  latter  from  the 
androgen-regulated  TMPRSS2:ERG  fusion  gene),  which  were 
half-maximal  at  <0.1  nM  DHT  (Figure  2B).  To  determine  whether 
this  decrease  in  AR  mRNA  required  new  protein  synthesis, 
including  the  synthesis  of  ERG  that  was  recently  reported  to 
suppress  AR  gene  expression  (Yu  et  al.,  2010),  we  treated 
androgen-starved  cells  with  cycloheximide  and  DHT  and  then 
measured  AR  mRNA  levels  over  24  hr.  Significantly,  treatment 
with  cycloheximide  did  not  prevent  the  enhanced  decline  in  AR 
mRNA,  indicating  that  it  was  not  dependent  on  the  DHT-stimu- 
lated  synthesis  of  new  proteins  (Figure  2C).  Bicalutamide 
blocked  the  suppression  of  AR  mRNA  by  DHT  (Figure  2D),  con¬ 
sistent  with  the  effect  being  dependent  on  the  agonist-liganded 
AR.  To  determine  whether  DHT  was  increasing  AR  mRNA 


Cancer  Cell  20,  457-471 ,  October  1 8,  201 1  ©201 1  Elsevier  Inc.  459 


Cancer  Cell 

AR  Suppresses  Its  Gene  Transcription 


Cel 


degradation,  we  pretreated  androgen-starved  VCaP  cells  with 
DHT  for  2  hr  and  then  added  actinomycin  D  to  block  new 
mRNA  synthesis.  Significantly,  AR  mRNA  half-life  was  not 
decreased  by  DHT  (Figure  2E,  left  panel),  suggesting  that  DHT 
was  decreasing  AR  gene  transcription.  We  also  assessed  AR 
mRNA  half-life  in  VCaP  cells  growing  in  medium  with  DHT  versus 
cells  where  DHT  was  removed  for  16  hr  before  the  addition  of 
actinomycin  D.  Although  AR  mRNA  was  decreased  in  the  pres¬ 
ence  of  DHT,  there  was  no  evident  decrease  in  AR  half-life  (Fig¬ 
ure  2E,  right  panel).  Finally,  we  found  by  chromatin  immunopre- 
cipitation  (ChIP)  that  DHT  decreased  the  binding  of  RNA 
polymerase  II  to  exon  1  in  the  AR  gene  (Figure  2F,  left  panel) 
and  also  decreased  binding  of  active  RNA  polymerase  II  as 
shown  by  anti-phospho-RNA  polymerase  II  ChiP  (Figure  2F,  right 
panel).  Together  these  results  indicated  that  the  DHT  liganded 
AR  in  VCaP  cells  was  directly  repressing  AR  gene  transcription. 

Androgen  Stimulates  AR  Recruitment  to  a  Conserved 
Site  in  Intron  2  of  the  AR  Gene 

Data  from  a  recent  ChIP-chip  analysis  of  AR  binding  sites 
(ARBSs)  in  LNCaP  cells  identified  three  sites  linked  to  the  AR 
gene:  ARBS1  in  the  promoter  region  (1 0%  FDR),  ARBS2  in  intron 
2  (5%  FDR),  and  ARBS3  in  the  3'  downstream  region  (5%  FDR) 
(Wang  et  al.,  2009)  (Figure  S2A).  To  assess  these  binding  sites  in 
VCaP  cells,  we  designed  two  pairs  of  primers  for  each  ARBS  and 
utilized  ChiP  coupled  with  quantitative  real-time  PCR  to  measure 
AR  binding.  Only  the  ARBS2  site  (ARBS2-1)  showed  clear  DHT 
induced  AR  binding,  although  basal  and  androgen-induced  AR 
binding  to  the  well-characterized  major  ARE  upstream  of  the 
PSA  gene  (ARE  III)  were  higher  (Figure  3A).  Because  important 
regulatory  elements  may  be  conserved  between  species,  we 
compared  the  human  ARBS2  region  to  the  corresponding 
regions  in  other  species.  Interestingly,  a  fragment  of  ARBS2 
(—400  bp)  that  overlapped  ARBS2-1  was  highly  conserved 
among  species  (100%  identical  between  mouse  and  rat  and 
88%  identical  between  mouse  or  rat  and  human)  and  contained 
multiple  binding  sites  for  FOXA1 ,  a  pioneer  transcription  factor 
that  interacts  with  AR  and  is  generally  found  at  steroid-respon¬ 
sive  enhancer  elements  (Figure  3B  and  Figure  S2B).  Therefore, 
we  synthesized  an  additional  set  of  primer  pairs  spanning  this 
conserved  region  (ARBS2a,  2b,  and  2c)  and  repeated  the  AR 
ChiP  assays.  AR  binding  to  all  three  sites  was  substantially 
increased  by  DHT,  and  this  binding  was  blocked  by  the  AR 
antagonist  bicalutamide  (Figure  3C).  The  DHT-stimulated 
increase  was  comparable  to  the  —5-fold  increase  on  the  AREs 
in  the  control  PSA  and  TMPRSS2  enhancers,  but  basal  binding 
to  ARBS2  was  again  lower  (Figure  3C).  As  observed  on  the 
PSA  enhancer,  DHT-stimulated  AR  recruitment  to  ARBS2  was 
maximal  at  early  times  (2  hr)  but  still  persisted  after  24  hr  (Fig¬ 
ure  S2C).  As  noted  for  suppression  of  AR  mRNA  versus  induction 
of  PSA  and  ERG  mRNA  (Figure  2),  AR  binding  to  ARBS2  required 
higher  DHT  concentrations  (Figure  3D).  Finally,  anti-FOXAl  ChiP 
showed  that  FOXA1  was  associated  constitutively  with  ARBS2 
(Figure  3E). 

Androgen  Stimulates  Demethylation 
of  H3K4  Associated  with  ARBS2 

Consistent  with  ARBS2  functioning  as  an  enhancer,  ChiP  with  an 
anti-TATA  binding  protein  (TBP)  antibody  indicated  that  there 


was  an  interaction  between  this  site  and  AR  gene  promoter  (Fig¬ 
ure  S3A).  Significantly,  we  also  detected  a  basal  association 
between  activated  RNA  polymerase  II  and  ARBS2  that  was 
decreased  by  DHT,  suggesting  that  the  agonist  liganded  AR 
may  be  mediating  repression  through  this  site  (Figure  4A). 
Further  evidence  for  an  interaction  between  the  AR  recruited  to 
ARBS2  and  the  AR  gene  promoter  was  obtained  by  anti-AR 
ChiP  followed  by  a  chromatin  conformation  capture  (3C)  assay, 
which  identified  a  DHT-dependent  association  between  AR, 
ARBS2,  and  the  AF?  gene  promoter  (Figure  S3B). 

The  agonist  liganded  AR  generally  stimulates  transcription 
through  recruitment  of  coactivator  proteins  and  histone  acetyl- 
transferases,  but  can  more  weakly  mediate  recruitment  of 
transcriptional  corepressors,  such  as  NCoR  or  SMRT,  and  their 
associated  histone  deacetylases  (HDACs)  (Cheng  et  al.,  2002). 
Therefore,  we  next  used  ChiP  to  determine  whether  DHT 
was  directly  or  indirectly  stimulating  recruitment  of  an  HDAC  to 
AR-binding  sites  in  the  AR  gene.  Interestingly,  control  experi¬ 
ments  indicated  that  HDAC3  (which  forms  a  complex  with 
NCoR  and  SMRT)  was  associated  with  ARE  III  in  the  PSA 
enhancer  and  that  this  association  was  decreased  by  DHT  (Fig¬ 
ure  S3C).  There  also  appeared  to  be  a  very  weak  association  of 
HDAC3  with  each  of  the  ChIP-chip  identified  AR-binding  sites 
(ARBS1 , 2,  and  3)  in  the  AR  gene,  but  these  were  not  increased 
by  DHT  (Figure  S3C).  Moreover,  ChiP  with  antibodies  against 
acetylated  H3K9/14  did  not  detect  decreases  in  histone  acetyla¬ 
tion  at  any  of  the  sites  in  response  to  DHT  (Figure  S3D).  As  a  posi¬ 
tive  control,  in  the  absence  of  DHT,  we  detected  high  levels  of 
histone  acetylation  in  AR  exon  1  and  this  decreased  in  response 
to  DHT,  consistent  with  down-regulation  of  AR  gene  expression. 

Because  interaction  with  the  promoter  and  FOXA1  binding 
suggested  that  ARBS2  may  function  as  an  enhancer,  we  next 
assessed  changes  in  histone  marks  that  are  associated  with 
active  enhancers  (H3K4  mono-  and  dimethylation)  at  ARBS1 , 
2,  and  3.  Substantial  H3K4  methylation  was  detected  at  each 
site,  but  there  were  no  changes  in  response  to  DHT  at  ARBS1 
or  ARBS3,  or  at  the  ARE  III  site  in  the  PSA  enhancer  (Figure  4B). 
The  TMPRSS2  enhancer  ARE  was  similarly  unaffected  (Fig¬ 
ure  4C).  In  contrast,  DHT  caused  a  decrease  in  both  H3K4me1 
and  H3K4me2  levels  at  ARBS2-1  (Figure  4B),  and  this  was  con¬ 
firmed  using  the  set  of  ARBS2  primers  (ARBS2a,  b,  and  c)  span¬ 
ning  the  conserved  region  (Figure  4C).  Taken  together,  these 
results  suggested  that  ARBS2  contains  an  enhancer  that  is 
rapidly  inactivated  by  androgen. 

VCaP  xenografts  that  relapse  after  castration  have  higher 
levels  of  AR  mRNA  and  renewed  expression  of  AR-regulated 
genes,  similarly  to  what  is  observed  in  patients  who  progress 
to  CRPC  (Cai  et  al.,  2009).  To  determine  whether  the  ARBS2 
site  contributes  to  the  increased  AR  gene  expression  in  these 
relapsed  tumors,  we  generated  a  cell  line  (VCS2)  from  a  relapsed 
VCaP  xenograft  tumor.  VCS2  cells  in  steroid-depleted  medium 
had  higher  levels  of  AR,  PSA,  and  ERG  (from  the  androgen-regu¬ 
lated  TMPRSS2:ERG  fusion  gene)  relative  to  the  parental  VCaP 
cells  (Figure  4D)  and  were  less  dependent  on  androgens  for 
cell  survival  (Figure  S3E),  but  AR  protein  was  still  markedly 
decreased  by  DHT.  An  analysis  of  basal  (in  steroid  depleted 
medium  without  exogenous  DHT)  mRNA  levels  confirmed  that 
AR,  PSA,  and  ERG  mRNA  were  increased  in  VCS2  cells  com¬ 
pared  to  VCaP  and  showed  that  AR  mRNA  was  markedly 
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Figure  3.  Androgen  Stimulates  AR  Recruitment  to  a  Site  in  Intron  2  of  the  AR  Gene 

(A)  VCaP  cells  in  steroid-depleted  medium  (CSS  medium)  were  treated  with  0, 1 ,  or  10  nM  DHT  for  4  hr  and  the  DNA  bound  to  AR  was  measured  by  ChIP  followed 
by  qPCR. 

(B)  The  conserved  region  of  ARBS2  (intron2)  among  17  vertebrate  species  was  plotted  using  UCSC  Genome  Browser. 

(C)  VCaP  cells  were  pretreated  with  or  without  1 0  [xM  bicalutamide  for  4  hr  followed  by  treatment  with  1 0  nM  DHT  for  4  hr.  The  DNA  bound  to  AR  was  measured  by 
ChIP  followed  by  qPCR. 

(D)  VCaP  cells  were  treated  for  4  hr  with  0,  0.1 ,  1 ,  or  10  nM  DHT.  AR  binding  to  ARBS2  or  the  PSA  enhancer  ARE  were  measured  by  ChIP  followed  by  qPCR. 

(E)  VCaP  cells  were  treated  with  or  without  10  nM  DHT  for  4  hr  and  the  DNA  bound  to  FOXA1  was  measured  by  ChIP  and  qPCR.  Error  bars  in  each  experiment 
indicate  SD.  See  also  Figure  S2  and  see  Table  SI  for  raw  qPCR  data  for  experiments  shown. 


decreased  in  response  to  DHT  (Figure  4E).  AR  ChIP  showed  that 
DHT  stimulated  recruitment  of  AR  to  ARBS2  in  the  VCS2  cells, 
with  the  increased  binding  compared  to  VCaP  being  consistent 
with  higher  AR  levels  in  the  VCS2  cells  (Figure  4F,  left  panel). 
Significantly,  basal  ARBS2  H3K4  methylation  was  increased  in 


the  VCS2  cells  compared  to  VCaP,  but  was  still  decreased  by 
DHT  (Figure  4F,  right  panel).  Finally,  transcription  factors  shown 
previously  to  interact  with  AR  on  enhancers,  Octl  and  GATA-2 
(Wang  et  al.,  2007),  were  associated  with  ARBS2  and  were 
increased  in  VCS2  (Figure  4G).  Overall,  these  findings  further 
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Figure  4.  Androgen  Stimulates  Rapid  Demethylation  of  H3K4  in  VCaP  and  VCaP-Derived  VCS2  Cells 

(A-C)  VCaP  cells  were  treated  with  or  without  DHT  for  4  hr  and  the  DNA  bound  to  active  RNA  polymerase  II,  mono-  or  di-methylated  H3K4  were  measured  ChIP 
and  qPCR. 

(D  and  E)  VCaP  or  VCS2  cells  were  treated  with  0,  1,  or  10  nM  DHT  for  24  hr  and  AR,  PSA,  ERG,  and  (3-tubulin  proteins  were  immunoblotted  or  mRNA  were 
measured  by  ChIP  followed  by  qRT-PCR  (18S  as  internal  control). 

(F  and  G)  VCaP  or  VCS2  cells  were  treated  with  or  without  DHT  for  4  hr  and  the  DNA  bound  to  AR,  mono-methylated  H3K4,  Octl ,  or  GATA2  were  measured  by 
ChIP  followed  by  qPCR.  Error  bars  in  each  experiment  indicate  SD.  See  also  Figure  S3  and  see  Table  S2  for  raw  qPCR  data  for  experiments  shown. 
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Figure  5.  Androgen  Deprivation  Activates  the  ARBS2  Site  in  LNCaP  Cells 

(A)  LNCaP  cells  were  treated  with  or  without  10  nM  DHT  for  4  hr  and  the  DNA  bound  to  AR  was  immunoprecipitated  and  measured  by  qPCR. 

(B)  LNCaP  cells  were  treated  with  or  without  1 0  nM  DHT  for  4  hr  and  the  DNA  bound  to  AR,  mono-  or  di-methylated  H3K4  was  immunoprecipitated  and  measured 
by  qPCR. 

(C)  LNCaP  or  LNCaP-CSS3  (adapted  to  steroid-depleted  medium  for  >  3  w)  were  treated  with  0,  1 ,  or  10  nM  DHT  for  24  hr  and  AR  mRNA  was  measured  by 
qRT-PCR  (18S  as  internal  control). 

(D)  LNCaP  or  LNCaP-CSS3  cells  were  treated  with  or  without  10  nM  DHT  for  4  hr  and  the  DNA  bound  to  AR  or  mono-methylated  H3K4  was  measured  by  ChIP  and 
qPCR.  Error  bars  in  each  experiment  indicate  SD.  See  Table  S3  for  raw  qPCR  data  for  experiments  shown. 


supported  the  conclusion  that  ARBS2  contains  an  enhancer  that 
contributes  to  increased  AR  gene  expression  at  low  androgen 
levels  in  CRPC  and  indicated  that  this  enhancer  is  repressed 
by  the  agonist  liganded  AR. 

Androgen  Deprivation  Activates  the  ARBS2  Site 
in  LNCaP  Cells 

We  next  examined  the  LNCaP  PCa  cell  line,  which  shows  only 
a  small  decrease  in  AR  mRNA  in  response  to  DHT  (see  Figure  2A). 
Anti-AR  ChIP  showed  DHT  stimulated  recruitment  of  AR  to 
ARBS2-1  (Figure  5A),  which  was  confirmed  using  the  ARBS2a, 
b,  and  c  primers  (Figure  5B,  left  panel).  However,  in  contrast  to 
VCaP  cells,  there  was  less  AR  binding  to  ARBS2  and  no  marked 
DHT  stimulated  decreases  in  H3K4me1  or  me2  (Figure  5B,  right 
panel).  On  the  basis  of  the  results  above  in  VCaP  versus  VCS2 
cells,  we  next  examined  LNCaP  cells  that  were  passaged 
in  vitro  in  steroid-depleted  medium  (basal  medium  with  5%  char- 
coal/dextran  stripped  serum,  CSS).  As  shown  in  Figure  5C,  after 
3  weeks  in  steroid-depleted  medium,  the  cells  expressed  higher 
levels  of  AR  mRNA,  which  markedly  declined  in  response  to 
DHT.  AR  ChIP  in  these  LNCaP-CSS3  cells  showed  increased 
DHT-stimulated  AR  recruitment  to  ARBS2  relative  to  the  parental 
LNCaP  cells  (Figure  5D,  upper  panel).  Most  significantly,  basal 
H3K4  methylation  of  ARBS2  was  increased  in  the  LNCaP- 


CSS3  cells,  and  it  declined  in  response  to  DHT  (Figure  5D,  lower 
panel).  These  results  in  LNCaP  cells  further  support  the  conclu¬ 
sion  that  ARBS2  contains  an  androgen-repressed  enhancer  that 
contributes  to  increased  AR  gene  expression  in  response  to 
androgen  deprivation. 

Lysine-Specific  Demethylase  1  (LSD1)  Is  Recruited 
to  ARBS2  In  Vitro  and  In  Vivo  by  the  DHT  Liganded 
AR  and  Mediates  Repression 

The  decrease  in  H3K4  mono-  and  dimethylation  over  the  ARBS2 
site  indicated  that  AR  was  either  suppressing  the  activity  of  a 
histone  methyltransferase  or  increasing  a  histone  demethylase. 
Significantly,  lysine-specific  demethylase  1  (LSD1)  has  been 
shown  to  interact  with  AR  (Metzger  et  al.,  2005;  Wissmann 
et  al.,  2007),  and  we  confirmed  this  interaction  by  coimmunopre- 
cipitation  of  endogenous  AR  and  LSD1  (Figure  6A).  LSD1  is  re¬ 
ported  to  function  as  an  AR  coactivator  on  the  PSA  gene  ARE 
III  enhancer  through  demethylation  of  repressive  mono-  and  di- 
methylated  H3K9  (Metzger  et  al.,  2005;  Wissmann  et  al.,  2007). 
However,  mono-  and  dimethylated  H3K4  are  also  substrates 
for  LSD1 ,  and  in  most  contexts  LSD1  appears  to  function  as  a 
repressor  through  H3K4me1  and  H3K4me2  demethylation  (Shi 
et  al.,  2004).  Therefore,  we  next  tested  the  hypothesis  that 
DHT  stimulates  LSD1  recruitment  to  ARBS2.  An  association 
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Figure  6.  LSD1  Is  Recruited  to  ARBS2  by  the  DHT  Liganded  AR  In  Vitro  and  In  Vivo 

(A)  VCaP  cells  were  treated  with  or  without  10  nM  DHT  for  24  hr  and  protein  was  then  immunoprecipitated  using  anti-AR  antibody  or  IgG  control,  followed  by 
immunoblotting  for  LSD1  and  AR. 

(B)  VCS2  cells  were  treated  with  0  or  10  nM  DHT  for  4  hr  and  the  DNA  bound  to  LSD1  was  measured  by  ChIP  and  qPCR. 

(C)  VCaP  cells  were  grown  in  steroid-depleted  medium  supplemented  with  1 0  nM  DHT  for  3  days  and  then  DHT  was  removed  for  3  days.  The  DNA  bound  to  AR  or 
LSD1  was  measured  by  ChIP  and  qPCR. 

(D)  The  tissue  of  VCaP  xenograft  tumor  (precastrated  [-]  or  4-day  postcastration  [+]  mice)  was  formalin  fixed,  lysed,  and  sonicated.  The  DNA  bound  to  AR  or  LSD1 
was  immunoprecipitated  and  measured  by  qPCR. 

(E)  VCaP  cells  were  transfected  with  20  nM  LSD1  siRNA  (Dharmacon)  for  2  days  and  then  treated  with  or  without  DHT  for  24  hr.  AR,  LSD1 ,  and  (3-actin  were 
immunoblotted. 

(F)  VCaP  cells  transfected  with  LSD1  or  control  siRNA  were  stimulated  with  1 0  nM  DHT  and  LSD1 ,  AR,  AKR1 C3,  or  HSD1 7B6  mRNA  were  measured  using  qRT -PCR. 

(G)  VCaP  cells  were  pretreated  with  pargyline  (2  mM)  for  8  hr  and  then  treated  with  or  without  DHT  for  16  hr.  LSD1,  AR,  AKR1C3,  or  HSD17B6  mRNA  were 
measured  using  qRT-PCR  (normalized  to  GAPDH  as  internal  control). 

(H)  VCaP  cells  were  transfected  with  20  nM  LSD1  siRNA  for  2  days  and  then  treated  with  or  without  1 0  nM  DHT  for  4  hr.  The  DNA  bound  to  mono-  or  di-methylated 
H3K4  was  immunoprecipitated  and  measured  by  qPCR.  Error  bars  in  each  experiment  indicate  SD.  See  also  Figure  S4  and  see  Table  S4  for  raw  qPCR  data  for 
experiments  shown. 
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between  LSD1  and  ARBS2  was  detected  by  ChIP  in  VCaP  cells 
(Figure  S4A)  and  in  VCS2  cells  (Figure  6B),  and  this  interaction 
was  increased  by  DHT.  Consistent  with  previous  reports  in 
LNCaP  cells  (Metzger  et  al.,  2005;  Wissmann  et  al.,  2007), 
LSD1  was  constitutively  associated  with  the  ARE  III  in  the  PSA 
enhancer  and  was  not  clearly  increased  by  DFIT  (Figure  6B). 
LSD1  was  similarly  constitutively  associated  with  the  ARE  in 
the  TMPRSS2  enhancer  (Figure  6B).  Finally,  we  confirmed  that 
DHT  stimulated  the  recruitment  of  LSD1  to  ARBS2  in  LNCaP 
cells  and  found  that  LSD1  recruitment  to  ARBS2  was  increased 
in  the  LNCaP-CSS3  cells  (Figure  S4B). 

In  the  converse  experiment,  we  examined  VCaP  cells  cultured 
in  medium  with  androgen  that  were  then  shifted  to  steroid- 
depleted  medium  for  3  days.  As  shown  in  Figure  6C,  both  AR 
and  LSD1  binding  to  ARBS2  were  decreased  in  the  steroid- 
depleted  cells.  We  showed  previously  that  AR  mRNA  levels  in 
VCaP  xenografts  were  markedly  increased  at  4  days  after 
castration  (Cai  et  al.,  2009).  To  determine  whether  this  increase 
in  AR  mRNA  in  vivo  correlated  with  decreased  binding  of  AR 
and  LSD1  to  ARBS2,  we  used  ChIP  to  examine  VCaP  xenografts 
prior  to  castration  and  at  4  days  after  castration.  As  shown  in  Fig¬ 
ure  6D,  both  AR  and  LSD1  were  associated  with  ARBS2  prior  to 
castration,  and  these  associations  were  markedly  decreased 
4  days  after  castration. 

LSD1  can  potentially  function  as  a  coactivator  or  corepressor 
by  demethylating  H3K9  or  H3K4,  respectively,  and  we  found 
that  DHT  also  stimulated  a  decline  in  H3K9  methylation  as  well 
as  H3K4  methylation  across  the  ARBS2  site  (Figure  S4C,  left 
panel).  In  contrast,  DHT  did  not  cause  a  decrease  in  H3K4me3, 
which  is  associated  with  both  promoters  and  enhancers  but  is 
not  a  substrate  for  LSD1  (Figure  S4C,  right  panel).  Therefore, 
as  these  changes  in  methylation  would  be  consistent  with 
LSD1  functioning  as  a  coactivator  or  corepressor,  we  next 
utilized  siRNA  to  address  directly  whether  LSD1  was  mediating 
the  down-regulation  of  AR  gene  expression  in  response  to 
DHT.  Expression  of  LSD1  protein  (Figure  6E)  and  mRNA  (Fig¬ 
ure  6F)  were  substantially  decreased  by  the  LSD1  siRNA,  and 
the  DHT-stimulated  decrease  in  AR  protein  was  diminished  (Fig¬ 
ure  6E).  An  analysis  of  AR  mRNA  confirmed  that  the  DHT-stimu¬ 
lated  decrease  in  AR  expression  was  blunted  by  LSD1  siRNA 
(Figure  6F). 

To  determine  whether  this  LSD1  -dependent  suppression  was 
unique  to  the  AR  gene,  we  also  examined  expression  of  AKR1 C3 
and  HSD17B6,  which  are  androgen  repressed  and  increased 
in  CRPC.  AKR1C3  catalyzes  synthesis  of  testosterone  from 
androstenedione  and  HSD17B6  oxidizes  5a-androstene-3a, 
17p-diol  back  to  DHT  (Bauman  et  al.,  2006).  Similarly  to  AR, 
we  reported  previously  that  mRNA  expression  of  AKR1C3  was 
consistently  increased  in  CRPC  (Stanbrough  et  al.,  2006),  and 
both  AKR1C3  and  HSD17B6  were  negatively  regulated  by 
androgens  in  VCaP  cells  (Cai  et  al.,  2009).  As  shown  in  Figure  6F, 
the  DHT-stimulated  declines  in  AKR1C3  and  HSD17B6  mRNA 
were  abrogated  by  the  LSD1  siRNA.  Similar  results  were  ob¬ 
tained  using  a  chemical  inhibitor  of  LSD1 ,  pargyline  (Figure  6G), 
which  also  prevented  the  DHT-stimulated  decline  in  AR  protein 
(Figure  S4D).  Consistent  with  previous  data  showing  that  LSD1 
functions  as  a  coactivator  on  the  PSA  gene  (Metzger  et  al., 
2005;  Wissmann  et  al.,  2007),  pargyline  also  blocked  the  DHT 
stimulated  increase  in  PSA  protein  (Figure  S4D). 


The  LSD1  siRNA  did  not  decrease  the  DHT-stimulated  recruit¬ 
ment  of  ARto  ARBS2  (Figure  S4E,  left  panel).  However,  the  DHT- 
stimulated  declines  in  H3K9  methylation  (Figure  S4E,  right  panel) 
and  H3K4  methylation  (Figure  6H)  across  ARBS2  were  impaired 
or  abrogated  by  the  LSD1  siRNA.  Pargyline  similarly  impaired 
DHT-stimulated  H3K4me1  demethylation  across  ARBS2  (Fig¬ 
ure  S4F).  Together,  these  data  indicated  that  AR  was  mediating 
repression  through  recruitment  of  LSD1  and  H3K4  demethyla¬ 
tion.  Finally,  we  used  pargyline  to  assess  whether  LSD1  was 
mediating  the  DHT-stimulated  repression  of  AR  gene  expression 
in  other  PCa  cell  lines.  C4-2  cells  were  derived  from  a  castration- 
resistant  LNCaP  xenograft  and  CWR22Rv1  cells  were  from 
a  castration-resistant  CWR22  xenograft.  In  both  cells,  pargyline 
abrogated  the  DHT-stimulated  decrease  in  AR  mRNA  (Fig¬ 
ure  S4G).  Moreover,  consistent  with  LSD1  functioning  as  an 
AR  coactivator  on  androgen-stimulated  genes,  pargyline  sup¬ 
pressed  the  DHT-stimulated  increase  in  FKBP5. 

Previous  studies  have  shown  that  LSD1  functions  as  a  coacti¬ 
vator  for  AR  on  the  PSA  (KLK3)  and  KLK2  genes  because  of 
phosphorylation  of  H3T6  and  H3T11,  which  suppress  LSD1- 
mediated  H3K4  demethylation  and  enhance  H3K9  demethyla¬ 
tion,  respectively  (Metzger  et  al.,  2008;  Metzger  et  al.,  2010). 
Therefore,  we  next  used  ChIP  to  determine  whether  differences 
in  H3T6  or  H3T11  phosphorylation  were  a  basis  for  the  distinct 
effects  of  AR  and  LSD1  on  the  AR  gene  versus  AR-stimulated 
genes.  Significantly,  DHT-stimulated  H3T6  and  H3T11  phos¬ 
phorylation  were  lower  across  ARBS2  and  were  also  lower  in 
the  androgen-suppressed  OPRK1  (see  Figure  7)  and  AKR1C3 
genes,  compared  to  AREs  in  the  androgen-stimulated  PSA, 
KLK2,  and  FKBP5  genes  (Figure  S4G).  However,  H3T6  and 
H3T11  phosphoryation  were  also  low  in  the  strongly  androgen- 
stimulated  TMPRSS2  gene.  These  findings  are  consistent  with 
the  conclusion  that  phosphorylation  of  H3T6  and  H3T11 
contribute  to  the  regulation  of  LSD1  substrate  specificity,  but 
additional  mechanisms  may  also  contribute  to  this  regulation. 

Expression  of  Androgen  Repressed  Genes  Is  Increased 
in  CRPC  Xenografts 

Expression  microarrays  were  used  to  identify  genes  that  were 
androgen  repressed  in  both  VCaP  and  VCS2  cells  in  vitro,  and 
to  then  assess  the  expression  of  these  genes  in  vivo  in  an¬ 
drogen-dependent  versus  relapsed  castration-resistant  VCaP 
xenografts.  AR,  AKR1C3,  and  HSD17B6  were  again  found  to 
be  androgen  repressed  in  VCaP  (4.2-,  2.8-,  and  3.7-fold  higher 
in  the  absence  of  androgen,  respectively)  and  were  even 
more  highly  androgen  repressed  in  VCS2  cells  (6.4-,  8.5-,  and 
4.7-fold,  respectively)  (Table  S5).  In  contrast,  expression  of  these 
genes  was  highly  up-regulated  in  the  relapsed  VCaP  xenografts 
(5.4-,  2.3-,  and  3.5-fold  for  AR,  AKR1 C3,  and  HSD1 7B6,  respec¬ 
tively).  These  findings,  in  conjunction  with  the  low  intratumoral 
androgen  levels  in  these  castration-resistant  tumors  (Fig¬ 
ure  S5A),  support  a  feedback  mechanism  that  negatively  regu¬ 
lates  AR  signaling  at  high  androgen  levels  and  enhances 
signaling  at  the  lower  androgen  levels. 

To  more  systematically  assess  the  significance  of  additional 
in  vitro  identified  androgen-repressed  genes,  we  next  focused 
on  the  411  genes  that  were  repressed  by  >2-fold  in  VCS2 
and  >1 .5-fold  in  VCaP  (the  lower  threshold  in  VCaP  being  based 
on  the  more  robust  repression  of  AR,  AKR1C3,  and  HSD17B6  in 
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Figure  7.  Identification  of  Androgen-Repressed  Genes  in  VCaP  Cells  and  Xenografts 

(A)  VCaP  or  VCS2  cells  were  treated  with  or  without  10  nM  DHT  for  24  hr  and  were  analyzed  on  Affymetrix  U133A  microarrays.  The  numbers  of  DHT-repressed 
genes  or  DHT-induced  genes  in  VCaP  and  VCS2  cells  and  their  overlaps  are  shown. 

(B)  VCaP  xenografts  were  established  and  biopsied  at  three  stages:  androgen-dependent  tumor  (AD),  4  days  after  castration  (CS),  and  castration-resistant 
relapsed  tumor  (CRPC).  mRNA  were  extracted  from  the  biopsies  of  tumors  of  AD  or  CRPC  stages  and  analyzed  on  Agilient  microarrays.  The  data  was  analyzed 
using  SAM  software  (Significance  Analysis  of  Microarrays).  The  top  30  genes  with  lowest  q-value  are  shown,  with  black  arrows  indicating  DHT-repressed  genes. 

(C)  GO  term  analysis  of  DHT-repressed  genes  (left  panel)  versus  androgen-induced  genes  (right  panel).  See  also  Figure  S5  and  Table  S5. 


VCS2  cells)  (Figure  7A  and  Table  S5).  Remarkably,  among  the 
top  30  genes  with  most  significantly  elevated  expression  in  the 
castration-resistant  VCaP  xenografts,  12  were  in  this  group  of 
41 1  androgen-repressed  genes  (Figure  7B).  In  addition,  further 
genes  among  this  group  of  30  that  appeared  to  be  androgen- 
repressed  were  ANKRD22  (1.64-fold  in  VCaP  and  1.82-fold  in 
VCS2),  MMP10  (1.32-fold  in  VCaP  and  4.2-fold  in  VCS2),  and 
STXBP6  (1 .60-fold  in  VCaP  and  1 .93-fold  in  VCS2). 

We  next  took  advantage  of  recent  AR  ChIP-seq  data  in  VCaP 
cells  (Yu  et  al.,  201 0)  to  assess  the  frequency  of  AR-binding  sites 
in  androgen-repressed  versus  androgen-activated  genes  in 
VCaP  cells.  AR-binding  sites  were  found  in  20%  of  AR-activated 
genes  and  in  14%  of  AR-repressed  genes,  with  the  background 
being  11%  (fraction  of  total  31,810  genes  that  contain  AR- 
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binding  sites),  indicating  that  there  is  enrichment  for  AR-binding 
sites  within  the  AR-repressed  genes  (Figure  S5B).  The  lower 
enrichment  versus  the  AR-activated  genes  could  mean  that 
more  genes  in  the  AR-activated  group  are  directly  regulated  by 
AR,  but  could  also  be  in  part  technical  and  reflect  somewhat 
weaker  binding  of  AR  to  AR-repressed  genes.  To  further  assess 
whether  suppression  of  these  genes  was  mediated  directly  by 
AR  through  an  LSD1 -dependent  mechanism,  we  focused  on 
another  androgen-repressed  gene  (OPRK1)  that  was  strongly 
up-regulated  in  the  VCaP  CRPC  xenografts.  Using  real-time 
RT-PCR,  we  first  confirmed  that  DHT  markedly  decreases 
OPRK1  mRNA  in  VCaP  cells,  similarly  to  the  decreases  in  AR, 
AKR1C3,  and  HSD17B6  (Figure  S5C).  Using  AR  siRNA  we  also 
showed  that  AR  down-regulation  could  blunt  the  DHT-mediated 
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repression  of  these  genes,  providing  further  evidence  that  the 
repression  was  AR  mediated  (Figure  S5C).  The  AR  siRNA  also 
decreased  basal,  but  not  DHT  stimulated  PSA  or  TMPRSS2 
expression,  consistent  with  AR  functioning  more  efficiently  on 
AR-stimulated  genes.  OPRK1  has  a  single  AR-binding  site  in 
its  3'  UTR  based  on  ChIP-chip  and  ChIP-seq  data  in  both  LNCaP 
and  VCaP  cells  (Wang  et  al.,  2009;  Yu  et  al.,  2010)  (Figure  S5D). 
Therefore,  we  used  Chi  P  with  primers  covering  this  site  to  assess 
AR  and  LSD1  binding.  Significantly,  DHT  stimulated  AR  and 
LSD1  recruitment  to  this  site  and  also  decreased  H3K4  methyl- 
ation  (Figure  S5E).  Together,  these  data  indicate  that  AR  is 
directly  negatively  regulating  a  set  of  genes  that  are  up-regulated 
in  the  VCaP  CRPC  xenografts. 

To  assess  the  potential  functional  consequences  of  failing  to 
suppress  androgen-repressed  genes  after  castration,  we  deter¬ 
mined  the  pathways  that  were  associated  with  the  411 
androgen-repressed  genes  identified  in  VCaP  and  VCS2  cells. 
Importantly,  expression  of  these  genes  was  most  significantly 
associated  with  increased  DNA  replication  and  cell  cycle 
progression  (Figure  7C,  left  panel),  whereas  genes  that  were 
increased  in  response  to  DHT  in  VCaP  and  VCS2  cells  were 
associated  with  synthesis  of  lipids,  proteins,  and  other  metabolic 
processes  distinct  from  DNA  replication  (Figure  7C,  right  panel). 
Finally,  we  treated  VCaP  CRPC  xenografts  with  testosterone  to 
assess  effects  on  AR  repressed  genes  in  vivo,  and  found  by 
RT-PCR  that  AR,  AKR1C3,  HSD17B6,  and  OPRK1  were 
repressed  (Figure  S5F).  Testosterone  also  suppressed  expres¬ 
sion  of  BCL11A,  another  strongly  AR  repressed  gene  that  was 
increased  in  castration-resistant  VCaP  xenografts,  but  did  not 
clearly  suppress  PSAorTMPRSS2.  Moreover,  there  was  marked 
regression  in  the  xenografts  (Figure  S5G).  These  findings  indi¬ 
cated  that  a  partial  restoration  of  androgen  levels  and  AR 
transcriptional  activity  in  CRPC  cells  may  drive  tumor  growth 
by  activating  cellular  metabolism  while  failing  to  suppress  DNA 
replication  and  proliferation. 

Increased  Expression  of  Androgen  Repressed  Genes 
in  Patients  with  CRPC 

To  determine  whether  increased  expression  of  androgen- 
repressed  genes  may  contribute  to  CRPC  in  patients,  we  used 
expression  data  from  a  set  of  CRPC  bone  marrow  metastases 
versus  primary  prostate  cancers  that  had  not  received  hormonal 
therapy  (Stanbrough  et  al.,  2006;  Mendiratta  et  al.,  2009).  Con¬ 
sistent  with  lower  androgen  levels  and  reduced  AR  transcrip¬ 
tional  activity  in  CRPC,  only  a  small  fraction  of  the  genes  that 
were  androgen  induced  in  VCaP/VCS2  were  overexpressed  in 
CRPC  (18/556),  whereas  a  much  larger  fraction  were  underex¬ 
pressed  (71/556)  (Figure  8A).  Similarly,  very  few  of  the  AR  re¬ 
pressed  genes  were  underexpressed  in  CRPC  (9/41 1),  whereas 
many  more  were  overexpressed  (53/411)  (Table  S6).  As  noted 
previously,  genes  that  are  overexpressed  in  CRPC  are  highly 
associated  with  proliferation  (Stanbrough  et  al.,  2006;  Wang 
et  al.,  2009)  (Figure  8B),  whereas  genes  that  are  underexpressed 
are  more  associated  with  developmental  pathways  (Figure  S6A). 
Significantly,  the  set  of  53  androgen-repressed  genes  that  were 
overexpressed  in  the  CRPC  biopsy  samples  were  similarly  highly 
associated  with  DNA  replication  and  proliferation  (Figure  8C). 

To  further  assess  the  biological  importance  of  these  53 
androgen-repressed  genes  in  CRPC,  we  removed  them  from 


the  set  of  1490  genes  that  were  overexpressed  in  the  CRPC 
biopsy  samples  and  repeated  the  Gene  Ontology  analysis  on 
the  remaining  1437  genes.  Although  these  1437  genes  were  still 
associated  with  cell  cycle  progression  and  DNA  metabolism,  the 
significance  of  all  these  associations  was  markedly  decreased, 
and  DNA  replication  was  no  longer  among  the  most  highly  asso¬ 
ciated  pathways  in  the  absence  of  these  53  androgen-repressed 
genes  (Figure  S6B).  Finally,  we  selected  for  further  analysis  a  set 
of  eight  genes  that  were  androgen  repressed  in  VCaP/VCS2  cells 
and  were  also  overexpressed  in  the  relapsed  VCaP  xenografts  or 
the  clinical  CRPC  biopsies.  Quantitative  real-time  RT-PCR 
confirmed  that  they  were  all  DHT  repressed  in  VCaP  and  VCS2 
cells,  and  that  this  could  be  prevented  with  bicalutamide  (Fig¬ 
ure  S6C).  Moreover,  in  all  cases  the  androgen-stimulated 
down-regulation  was  decreased  or  abrogated  by  treatment 
with  pargyline,  indicating  that  it  was  mediated  by  LSD1  (Fig¬ 
ure  8D).  Together,  these  findings  elucidate  a  mechanism  by 
which  loss  of  negative  regulation  by  the  agonist  liganded  AR, 
in  association  with  LSD1 ,  increases  the  expression  of  AR  and 
of  multiple  genes  that  contribute  to  increased  androgen 
synthesis,  DNA  replication,  and  proliferation  in  CRPC. 

DISCUSSION 

Studies  in  clinical  samples  and  xenograft  models  indicate  that 
increased  AR  gene  expression  plays  a  major  role  in  the  progres¬ 
sion  to  CRPC.  We  observed  previously  in  VCaP  cells  in  vitro  and 
in  VCaP  xenografts  in  vivo  that  AR  mRNA  levels  decline  rapidly  in 
response  to  androgen  stimulation  and  increase  rapidly  in 
response  to  androgen  withdrawal  (Cai  et  al.,  2009).  In  this  report 
we  have  identified  a  highly  conserved  site  in  the  second  intron  of 
the  AR  gene  that  regulates  its  expression  in  response  to 
androgen  stimulation  and  withdrawal.  RNA  polymerase  II  and 
FOXA1  are  associated  with  this  ARBS2  site,  as  are  OCT1, 
GATA2,  and  substantial  levels  of  H3K4  mono-  and  dimethylation 
that  are  further  increased  in  cells  adapted  to  androgen  depriva¬ 
tion,  consistent  with  this  element  functioning  as  an  enhancer 
that  contributes  to  increased  AR  gene  expression  in  CRPC. 
Moreover,  we  show  that  the  agonist  liganded  AR  decreases 
AR  gene  expression  by  functioning  as  a  transcriptional  repressor 
at  this  site  through  recruitment  of  LSD1  and  demethylation  of 
H3K4me1 ,2.  The  rapid  androgen-mediated  down-regulation  of 
AKR1C3  and  HSD17B6  is  similarly  LSD1  dependent,  indicating 
that  the  agonist  liganded  AR  directly  mediates  a  physiological 
intracellular  negative  feedback  loop  to  regulate  AR  activity. 
Taken  together,  these  findings  elucidate  a  mechanism  that 
contributes  to  increased  AR  gene  expression  and  restored  AR 
activity  in  CRPC,  and  identify  a  suppressor  element  and  tran¬ 
scriptional  repressor  function  for  the  agonist  liganded  AR. 

Further  analysis  of  gene  expression  in  androgen-starved 
versus  androgen-stimulated  VCaP  and  VCS2  cells  showed  that 
the  agonist  liganded  AR  also  suppressed  the  expression  of 
multiple  genes  mediating  DNA  synthesis  and  cell  cycle  progres¬ 
sion,  while  it  increased  the  expression  of  genes  mediating 
synthesis  of  lipids,  amino  acids,  and  other  metabolic  processes. 
This  profile  is  consistent  with  AR  function  in  normal  prostate 
epithelium  to  drive  terminal  differentiation  and  synthesis  of 
seminal  fluid  and  provides  a  molecular  basis  for  the  biphasic 
response  to  androgen  stimulation  whereby  PCa  cells  proliferate 
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Figure  8.  Expression  of  Androgen-Repressed  Genes  Is  Increased  in  Human  CRPC  Samples 

(A)  Affymetrix  microarray  expression  data  showing  overlaps  between  androgen  repressed/induced  genes  and  the  expression  of  1490  genes  that  were  increased 
and  626  genes  that  were  decreased  (p  <  0.001  and  fold-change  >  1 .5)  in  34  CRPC  bone  marrow  metastases  compared  with  27  primary  tumors  prior  to  any 
hormonal  therapy. 

(B  and  C)  GO  term  analysis  of  the  group  of  1490  CRPC-overexpressed  genes  (B)  and  53  AR-repressed  genes  that  were  overexpressed  in  CRPC  (C). 

(D)  VCaP  cells  were  pretreated  with  pargyline  (2  mM)  for  8  hr  and  then  were  treated  with  or  without  DHT  for  16  hr.  OPKR1 ,  THBS1 ,  BCL1 1  A,  STXBP6,  MCM2, 
MCM4,  MCM6,  or  MCM7  mRNA  were  measured  using  qRT-PCR  (normalized  to  GAPDH  as  internal  control).  Error  bars  in  each  experiment  indicate  SD. 

(E)  Graphical  summary  showing  divergent  effects  of  androgen  deprivation  on  expression  of  AR-stimulated  genes,  which  are  decreased,  versus  AR-repressed 
genes  (including  the  AR  gene),  which  are  increased.  In  castration-resistant  PCa,  mechanisms  including  further  increases  in  intratumoral  androgen  synthesis 
result  in  partial  restoration  of  AR  transcriptional  activation  function  on  genes  mediating  lipid  and  protein  biosynthesis,  but  do  not  restore  AR  repressor  function  on 
the  Aft  gene,  or  on  genes  mediating  androgen  synthesis,  DNA  synthesis,  and  cell  cycle  progression.  See  also  Figure  S6  and  Table  S6. 
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in  response  to  low  levels  of  androgen  but  are  growth  arrested  at 
high  concentrations  (Xu  et  al.,  2006).  Significantly,  a  set  of  these 
androgen-repressed  genes  associated  with  increased  DNA 
synthesis  and  proliferation  were  overexpressed  in  vivo  in  castra¬ 
tion-resistant  VCaP  xenografts  and  in  CRPC  patient  samples. 
We  suggest  that  androgen  levels  in  CRPC  cells  are  adequate 
to  stimulate  AR  activity  on  enhancer  elements  of  genes  medi¬ 
ating  certain  critical  metabolic  functions  such  as  lipid  synthesis, 
which  are  sensitive  to  lower  levels  of  androgens,  but  are  not 
adequate  to  effectively  recruit  AR  and  LSD1  to  suppressor 
elements  in  multiple  genes  that  negatively  regulate  AR  signaling 
and  cellular  proliferation.  A  graphical  summary  showing  diver¬ 
gent  effects  of  AR  on  expression  of  AR-stimulated  versus  AR- 
repressed  genes  after  androgen  deprivation  and  in  CRPC  is 
shown  in  Figure  8E. 

LSD1  was  initially  identified  in  corepressor  complexes  and 
shown  to  function  by  demethylating  mono-  and  dimethylated 
H3K4  (Shi  et  al.,  2004).  However,  it  was  subsequently  shown 
to  function  as  a  coactivator  through  demethylation  of  repressive 
mono-  and  dimethylated  H3K9  when  associated  with  AR  and 
possibly  other  nuclear  receptors  including  estrogen  receptor 
a  (Metzger  et  al.,  2005,  Garcia-Bassets  et  al.,  2007,  Perillo 
et  al.,  2008).  The  results  of  this  study  indicate  that  the  association 
with  AR  does  not  determine  the  coactivator  versus  corepressor 
function  of  LSD1 ,  and  that  it  is  instead  determined  by  properties 
of  the  element  to  which  it  is  being  recruited.  For  example,  hypo- 
acetylated  nucleosomes  are  more  susceptible  substrates  for 
LSD1  mediated  demethylation  (Shi  et  al.,  2005).  Moreover, 
recent  data  indicate  that  phosphorylation  of  H3T11  by  an  AR- 
associated  kinase  (PRK1/PKN1)  enhances  the  demethylation 
of  H3K9me3  by  JMJD2C  and  subsequent  demethylation  of 
H3K9me1 ,2  by  LSD1  (Metzger  et  al.,  2008),  whereas  phosphor¬ 
ylation  of  H3T6  by  a  distinct  kinase  (PKC(31)  can  suppress  the 
LSD1 -mediated  demethylation  of  H3K4me1,2  (Metzger  et  al., 
2010).  Our  data  indicate  that  lower  H3T6  and  H3T1 1  phosphor¬ 
ylation  may  contribute  to  the  substrate  specificity  and  core¬ 
pressor  function  of  LSD1  at  AR  repressed  genes,  although 
LSD1  may  be  regulated  by  a  distinct  mechanism  on  the 
TMPRSS2  gene.  It  will  clearly  be  important  to  further  charac¬ 
terize  these  and  additional  AR  suppressor  elements  and  deter¬ 
mine  the  extent  to  which  histone  modifications  or  other  factors 
regulate  the  function  of  AR  and  LSD1  on  these  suppressor 
versus  AR  enhancer  elements. 

It  has  been  well  appreciated  for  many  years  that  AR  has  both 
growth-promoting  and  growth-suppressing  activities  and  that 
androgen  deprivation  therapies  may  directly  or  indirectly  stimu¬ 
late  some  pathways  that  contribute  to  growth  and  eventual 
relapse.  Indeed,  androgens  can  suppress  the  growth  of  some 
CRPC-derived  cell  lines,  and  high-dose  androgens  have  been 
explored  as  a  therapy  for  CRPC  (Umekita  et  al.,  1996,  Morris 
et  al.,  2009).  However,  the  molecular  basis  for  androgen-stimu¬ 
lated  growth  suppression  has  not  been  clear,  and  there  have 
been  no  previous  studies  suggesting  that  distinct  AR  transcrip¬ 
tional  mechanisms  may  underlie  these  functions.  Therefore, 
the  results  of  this  study  provide  a  paradigm  with  implications 
for  both  basic  molecular  mechanisms  of  steroid  action  and  for 
AR  targeted  therapy  of  prostate  cancer.  In  particular,  the  distinct 
mechanisms  of  AR  action  on  enhancer  versus  suppressor 
elements  may  make  it  possible  to  selectively  augment  AR  tran¬ 


scriptional  repressor  function  and  thereby  prevent  or  delay  the 
emergence  of  CRPC. 

EXPERIMENTAL  PROCEDURES 
Cell  Culture  and  Xenografts 

LNCaP  or  C4-2  cells  were  cultured  in  RPMI1 640  medium  with  1 0%  FBS.  VCaP 
cells  were  cultured  in  DMEM  medium  with  10%  FBS,  and  VCS2  cells  were 
cultured  in  DMEM  medium  with  8%  charcoal/dextran-stripped  FBS  (CSS) 
plus  2%  FBS.  For  most  immunoblotting,  RT-PCR,  or  ChIP  assays,  cells 
were  grown  to  50%-60%  confluence  in  5%  (CSS)  medium  for  3  days  and 
then  treated  with  androgens  or  drugs.  VCaP  xenografts  were  established  in 
the  flanks  of  male  scid  mice  by  injecting  ~2  million  cells  in  50%  Matrigel. 
When  the  tumors  reached  ~1  cm,  biopsies  were  obtained  and  then  the  mice 
were  castrated.  Additional  biopsies  were  obtained  4  days  after  castration, 
and  the  tumors  were  harvested  at  relapse.  Frozen  sections  were  examined 
to  confirm  that  the  samples  used  for  RNA  and  protein  extraction  contained 
predominantly  nonnecrotic  tumor.  All  animal  experiments  were  approved  by 
the  Beth  Israel  Deaconess  Institutional  Animal  Care  and  Use  Committee  and 
were  performed  in  accordance  with  institutional  and  national  guidelines. 

RT-PCR  and  Immunoblotting 

Quantitative  real-time  RT-PCR  amplification  was  performed  on  RNA  extracted 
from  tissue  samples  or  cell  lines  using  TRIZOL  reagent.  RNA  (50  ng)  was  used 
for  each  reaction  and  the  result  was  normalized  by  coamplification  of  18S 
RNA.  Reactions  were  performed  on  an  ABI  Prism  7700  Sequence  Detection 
System  using  Taqman  one-step  RT-PCR  reagents.  Primers  and  probes  are 
listed  in  Supplemental  Information.  PCR  data  are  represented  as  mean  ± 
STD  for  repeats.  Protein  extracts  were  prepared  by  boiling  for  15  min  in  2% 
SDS.  Blots  were  incubated  with  anti-PSA  (1:3000,  polyclonal,  BioDesign), 
anti-AR  (1 :2000,  polyclonal,  Upstate),  anti-LSDI  (1 :1000,  Abeam),  anti-|3-actin 
(1:5000,  monoclonal,  Abcom),  or  anti-p-tubulin  (1:2000,  Upstate),  and  then 
with  1 :5000  anti-rabbit  or  anti-mouse  secondary  antibodies  (Promega). 

Coimmunoprecipitation 

VCaP  cells  were  harvested  in  Triton  lysis  buffer  (0.5%  Triton  X-100,  20  mM 
Tris-HCI,  150  mM  NaCI,  5  mM  EDTA,  and  2  mM  dithiothreitol)  with  protease 
inhibitors.  The  protein  was  immunoprecipitated  using  monoclonal  anti-AR 
(AR441  from  NeoMarkers)  or  mouse  IgG  control  and  then  subjected  to 
immunoblotting. 

Chromatin-lmmunoprecipitation  (ChIP)  Assay 

Cells  were  formalin  fixed,  lysed,  and  sonicated  to  break  the  chromatin  into  500- 
800  bp  fragments.  Anti-AR  (Santa  Cruz),  anti-FOXAl  (Abeam),  anti-OCTI 
(Santa  Cruz),  anti-GATA2  (Santa  Cruz),  anti-RNA  Polymerase  II  (Santa  Cruz), 
anti-RNA  Polymerase  II  CTD  repeat  (phospho  Ser5),  anti-TBP  (Santa  Cruz), 
anti-LSDI  (Abeam),  anti-HDACI  (Santa  Cruz),  anti-HDAC2  (Santa  Cruz),  anti- 
HDAC3  (Santa  Cruz),  anti-FI3K4me1  (Abeam),  anti-H3K4me2  (Upstate),  anti- 
H3K4me3  (Abeam),  anti-H3K9me1  (Abeam),  anti-H3K9/14ace  (Upstate), 
anti-FI3T6pho  (Abeam),  anti-H3T1 1  pho  (Abeam),  or  rabbit  IgG  (Santa  Cruz) 
were  used  to  precipitate  chromatin  fragments  from  cell  extracts.  Quantitative 
real-time  PCR  was  used  to  analyze  binding  to  the  ARBS-1 ,  -2,  and  -3;  PSA 
enhancer  (ARE3);  TMPRSS2  enhancer  (-14  k  upstream);  OPRK1  enhancer 
(3'  UTR);  or  negative-1  (3'  irrelevant  region  of  PSA)  or  -2  (irrelevant  region  of 
chromosome  18).  The  primers  are  listed  in  the  Supplemental  Information.  We 
used  real-time  quantitative  PCR  (SYBR  green)  to  amplify  the  DNA  fragment 
in  the  antibody  precipitated  DNA  and  the  unprecipitated  input  DNA  to  calculate 
ACT  values.  The  RQ  values  (RQ  =  2"ACT)  are  presented  and  reflect  the  precipi¬ 
tated  DNA  as  a  percentage  of  the  input  DNA.  Results  are  represented  as  mean  ± 
STD  for  replicate  samples.  Data  are  representative  of  at  least  three  ex¬ 
periments.  Significant  differences  are  indicated  (*)  in  the  experiments.  Raw 
data  for  the  real-time  quantitative  PCR  are  provided  in  Tables  S1-S4. 

Gene  Expression  Microarray  Assay 

VCaP  or  VCS2  cells  treated  with  ethanol  or  10  nM  DHT  were  subjected  to  mi¬ 
croarray  assay  (Affymetrix)  to  identify  genes  whose  expression  was  repressed 
by  DHT  in  both  VCaP  and  VCS2  cells.  Tissue  mRNA  was  extracted  and  purified 
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from  three  sets  (precastrated,  4  days  after  castration,  and  relapsed)  of  xeno¬ 
graft  tumors  (3  mice)  and  then  subjected  to  microarray  assay  (Agilent).  SAM 
software  was  used  to  perform  t  test  on  these  three  biological  repeats  (three 
mice)  to  determine  the  score  and  q-value.  The  genes  whose  expression  was 
significantly  elevated  in  relapsed  tumors  (q  <  0.05)  were  picked  for  the  next 
screening  to  determine  whether  they  were  DHT-repressed  in  VCaP  and  VCS2. 

ACCESSION  NUMBERS 

The  expression  microarray  data  has  been  deposited  in  the  Gene  Expression 
Omnibus  (GEO)  database  (www.ncbi.nlm.nih.gov/geo)  under  accession 
number  GSE31410. 

SUPPLEMENTAL  INFORMATION 

Supplemental  Information  includes  six  figures  and  six  tables  and  may  be  found 
with  this  article  online  at  doi:10.1016/j.ccr.201 1 .09.001 . 
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SUMMARY 

Growth  of  prostate  cancer  cells  is  dependent  upon 
androgen  stimulation  of  the  androgen  receptor 
(AR).  Dihydrotestosterone  (DHT),  the  most  potent 
androgen,  is  usually  synthesized  in  the  prostate 
from  testosterone  secreted  by  the  testis.  Following 
chemical  or  surgical  castration,  prostate  cancers 
usually  shrink  owing  to  testosterone  deprivation. 
However,  tumors  often  recur,  forming  castration- 
resistant  prostate  cancer  (CRPC).  Here,  we  show 
that  CRPC  sometimes  expresses  a  gain-of-stability 
mutation  that  leads  to  a  gain-of-function  in  3p-hy- 
droxysteroid  dehydrogenase  type  1  (3PHSD1),  which 
catalyzes  the  initial  rate-limiting  step  in  conversion  of 
the  adrenal-derived  steroid  dehydroepiandrosterone 
to  DHT.  The  mutation  (N367T)  does  not  affect  cata¬ 
lytic  function,  but  it  renders  the  enzyme  resistant  to 
ubiquitination  and  degradation,  leading  to  profound 
accumulation.  Whereas  dehydroepiandrosterone 
conversion  to  DHT  is  usually  very  limited,  expression 
of  367T  accelerates  this  conversion  and  provides  the 
DHT  necessary  to  activate  the  AR.  We  suggest  that 
3PHSD1  is  a  valid  target  for  the  treatment  of  CRPC. 

INTRODUCTION 

The  growth  of  cancerous  prostate  cells  requires  stimulation  of 
the  androgen  receptor  (AR)  by  androgens,  the  most  potent  of 
which  is  dihydrotestosterone  (DHT).  Advanced  prostate  cancer 
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usually  initially  regresses  with  gonadal  testosterone  (T)  depriva¬ 
tion  therapy  (i.e.,  medical  or  surgical  castration),  but  it  almost 
always  eventually  progresses  as  castration-resistant  prostate 
cancer  (CRPC)  (Attard  et  al.,  2009;  Penning,  2010;  Scher  and 
Sawyers,  2005;  Sharifi  et  al.,  2005;  Yuan  and  Balk,  2009).  The 
CRPC  phenotype  is  driven  by  a  gain  of  function  in  the  androgen 
receptor  (AR)  that  is  usually  accompanied  by  intratumoral  DHT 
concentrations  of  about  1  nM,  an  amount  sufficient  to  drive 
expression  of  AR-induced  genes,  including  the  TMPRSS2-ETS 
fusion  oncogene  (Geller  et  al.,  1978;  Luu-The  et  al.,  2008;  Mont¬ 
gomery  et  al.,  2008;  Sharifi,  2013;  Titus  et  al.,  2005;  Tomlins 
et  al.,  2005).  The  requirement  for  intratumoral  androgen  synthe¬ 
sis  in  driving  CRPC  progression  is  most  clearly  demonstrated 
by  the  survival  benefit  conferred  by  abiraterone  acetate,  a  drug 
that  blocks  androgen  synthesis  by  inhibiting  17a- hydroxylase/ 
1 7,20-lyase  (CYP1 7A1),  and  enzalutamide,  a  potent  AR  antago¬ 
nist  that  blocks  DHT  access  to  the  AR  ligand-binding  domain 
(Barrie  et  al.,  1994;  de  Bono  et  al.,  2011;  Scher  et  al.,  2012; 
Tran  et  al.,  2009).  Intratumoral  synthesis  of  DHT  from  precursors 
that  are  secreted  from  the  adrenal  gland  occurs  through  a 
pathway  that  circumvents  T  (Chang  et  al.,  2011).  This  synthesis 
requires  three  enzymes:  3p-hydroxysteroid  dehydrogenase 
(3pHSD;  encoded  by  HSD3B),  steroid-5a-reductase  (SRD5A), 
and  17p-hydroxysteroid  dehydrogenase  (17pHSD)  isoenzymes 
(see  Figure  1A)  (Chang  et  al.,  2011;  Knudsen  and  Penning, 
2010).  Nonetheless,  increased  DHT  synthesis  in  CRPC  has  not 
yet  been  ascribed  to  any  mutations  in  genes  encoding  com¬ 
ponents  of  the  steroidogenic  machinery.  3pHSD  oxidizes 
3p-hydroxyl  to  3-keto  and  isomerizes  A5  to  A4  (see  Figure  1A), 
reactions  that  together  make  this  step  practically  irreversible 
by  an  enzyme  that  is  required  for  all  possible  pathways  that 
lead  to  the  synthesis  of  DHT  (Evaul  et  al.,  2010).  HSD3B1 
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encodes  for  the  peripherally  expressed  isoenzyme  (3pHSD1) 
and  has  a  germline  single-nucleotide  polymorphism  (SNP)  at 
position  1245  of  HSD3B1 ,  converting  A  -►  C,  which  exchanges 
an  asparagine  (N)  for  a  threonine  (T)  at  3pHSD1  amino  acid  posi¬ 
tion  367. 

Here,  we  show  that  CRPC  sometimes  expresses  the  367T 
form  of  3pHSD1  (3pHSD1(367T)),  which  increases  metabolic 
flux  from  dehydroepiandrosterone  (DHEA)  via  the  5a-androsta- 
nedione  (5a-dione)  pathway  to  DHT  by  protein  resistance  to 
ubiquitination  and  degradation  rather  than  increased  catalytic 
activity.  Selection  for  3pHSD1(367T)  is  evident  from  somatic 
mutation  in  human  CRPC  tumors,  by  loss  of  heterozygosity 
(LOH)  of  the  wild-type  copy  in  patients  with  germline  hetero¬ 
zygous  inheritance,  and  from  the  generation  and  expression  of 
the  same  somatic  mutation  occurring  in  a  mouse  xenograft 
model  treated  with  abiraterone  acetate. 

RESULTS 

Cells  with  3pHSD1(367T)  Have  Increased  Flux  to  DHT 

Conversion  of  DHEA  by  3pHSD1  to  A4-androstenedione  (AD)  is  a 
proximal  step  in  peripheral  tissues  for  metabolism  from  adrenal 
precursors  to  DHT  (Lorence  et  al.,  1990;  Simard  et  al.,  2005). 
Two  cell  lines  derived  from  patients  with  CRPC  have  widely 
disparate  flux  from  DHEA  to  AD  (Figure  1A),  despite  comparable 
expression  of  transcripts  encoding  both  3pHSD1  and  3pHSD2 
(Figure  SI  A  available  online).  Under  the  same  conditions,  LNCaP 
cells  metabolize  >90%  of  [3H]-DHEA  by  3pHSD  enzymatic 
activity  to  AD  after  48  hr,  whereas  LAPC4  cells  metabolize  only 
approximately  10%  of  [3H]-DHEA.  In  LAPC4,  but  not  in  LNCaP, 
apparent  rate-limiting  conversion  of  DHEA  to  AD,  en  route  to 
DHT  via  the  dominant  pathway  (DHEA  -►  AD  -►  5a-dione  -► 
DHT)  (Chang  et  al.,  2011),  is  further  evident  by  limited  accumu¬ 
lation  of  downstream  metabolites  and  absence  of  DHEA  con¬ 
centration-dependent  increases  in  AR-regulated  PSA  and 
TMPRSS2  (Figure  IB).  Sequencing  the  exons  of  both  HSD3B 
isoenzymes  reveals  a  single  nonsynonymous  substitution 
(Figure  1C)  at  position  1245  of  HSD3B1 ,  converting  A  ->  C, 
and  exchanges  an  asparagine  (N)  for  a  threonine  (T)  at  3(3HSD1 
amino  acid  position  367  in  LNCaP,  but  not  in  LAPC4.  To  further 
test  the  association  between  HSD3B1  sequence  and  steroid 
metabolism,  other  human  prostate  cell  lines  were  investigated. 
The  presence  of  wild-type  (1245A)  and  variant  (1245C) 
HSD3B1  sequences  in  other  prostate  cancer  and  immortalized 
prostate  cell  lines  is  also  concordant  with  “slow”  and  “fast” 
flux  from  DHEA  to  AD,  respectively  (Figure  SIB).  The  kinetic 
properties  of  recombinant  3(3HSD1(367N)  and  3(3HSD1(367T) 
proteins,  however,  do  not  explain  the  differences  in  steroid 
metabolism  between  cells  expressing  each  protein  (Figure  ID). 
Western  blot  was  performed  to  determine  if  the  allele  encoding 
3pHSD1(367T)  is  associated  with  a  greater  amount  of  protein 
in  these  cells.  Both  models  that  encode  for  3pHSD1(367T) 
have  increased  3pHSD1  protein  compared  with  the  models 
that  have  wild-type  sequence  (Figure  IE). 

Androgen  Deprivation  Selects  for  HSD3B1 (1245C) 

The  HSD3B 1  (1245C);  3pHSD1(367T)  allele  occurs  as  a  germline 
SNP  variant  (rsl  047303;  22%  allele  frequency)  (Shimodaira 


et  al.,  2010)  but  might  also  occur  as  a  somatic  mutation  in  pros¬ 
tate  cancer.  Although  germline  homozygous  HSD3B 1  (1245C) 
inheritance  cannot  be  ruled  out,  the  most  likely  scenarios 
accounting  for  the  sole  presence  of  the  HSD3B 1  (1245C)  allele 
evident  in  both  LNCaP  and  VCaP,  given  the  low  expected 
frequency  of  homozygous  HSD3B 1  (1 245C)  inheritance,  are 
either  germline  heterozygous  inheritance  followed  by  loss  of 
heterozygosity  (LOH)  of  the  wild-type  allele  or  germline  homo¬ 
zygous  wild-type  inheritance  followed  by  somatic  mutation 
of  1245  A  — ►  C.  To  identify  the  existence  of  these  possible 
mechanisms  of  HSD3B 1  (1 245C)  selection  in  human  tumors, 
matching  germline  and  tumor  DNA  were  sequenced  from  men 
with  CRPC.  Genomic  DNA  was  isolated  from  CRPC  and  normal 
tissue  from  patients  treated  at  the  University  of  Texas  South¬ 
western  Medical  Center  (UTSW)  and  from  the  University  of 
Washington  (UW)  rapid  autopsy  program  (Montgomery  et  al., 
2008).  Patient  and  tumor  characteristics  are  available  in  Table 
SI .  Of  40  men  with  CRPC,  the  germline  of  25, 1 1 ,  and  4  individ¬ 
uals  is  homozygous  wild-type  HSD3B 1  (1245A),  heterozygous 
and  homozygous  variant  HSD3B 7  (1245C),  respectively.  Three 
of  25  (12%)  CRPC  tumors  with  homozygous  HSD3B 1  (1245A) 
inheritance  have  acquired  the  HSD3B1(A  245C)  allele  (Figure  2A). 
Expression  of  HSD3B 1  (1245C)  transcript  was  confirmed  in 
the  one  available  fresh-frozen  tumor.  It  is  highly  likely  that  the 
observation  of  three  identical  de  novo  mutations  occurring  in 
25  patients  is  due  to  selection  rather  than  chance  alone,  with  a 
high  degree  of  statistical  significance  (p  =  1.47  x  1CT13),  using 
the  binomial  method  and  assuming  a  mutation  rate  of  4  per 
1,000,000  base  pairs  (Greenman  et  al.,  2007).  Of  11  CRPC 
tumors  with  heterozygous  inheritance,  three  (27%)  have  LOH 
of  the  HSD3B 1  (1245A)  allele,  resulting  in  the  HSD3B 1  (1245C) 
allele  being  predominantly  detectable  (Figure  2B).  In  these  three 
tumors,  LOH  of  adjacent  heterozygous  SNPs  further  confirms 
loss  of  this  region  of  chromosome  1.  In  contrast,  none  of  the 
1 1  cases  with  heterozygous  inheritance  exhibited  LOH  of  the 
HSD3B  7  (1 245C)  allele  (Figure  S2A). 

Two  tumors  (UW9  and  UW25)  with  LOH  of  the  HSD3B  7(1 245A) 
allele  had  tissue  remaining  for  additional  studies.  Consistent 
with  the  findings  in  LNCaP  and  VCaP  that  only  have  the 
HSD3B 1  (1245C)  allele,  both  of  these  tumors  have  abundant 
detectable  3pHSD1  protein  (Figure  2C).  In  contrast,  both 
tumors  tested  with  heterozygous  expression  and  homozy¬ 
gous  HSD3B 1  (1245A)  expression  have  little  or  no  detectable 
3pHSD1 .  Messenger  RNA  (mRNA)  quantitation  by  qRT-PCR 
demonstrates  that  the  increased  3pHSD1  protein  abundance 
occurring  specifically  in  the  tumors  with  LOH  is  not  attributable 
to  transcript  overexpression  (Figure  S2B).  Both  tumors  with 
LOH  robustly  express  AR  and  PSA,  suggesting  that  flux  to 
DHT  sustained  by  3pHSD1  protein  functions  to  elicit  AR  signaling 
(Figure  2C). 

Abiraterone  inhibits  CYP17A1  and  weakly  inhibits  3pHSD, 
further  decreasing  intratumoral  androgen  concentrations  and  ex¬ 
tending  survival  in  CRPC  (de  Bono  et  al.,  2011;  Li  et  al.,  2012); 
therefore,  conversion  to  the  HSD3B 1  (1245C)  allele  encoding 
3pHSD1(367T)  might  permit  sustained  androgen  synthesis 
despite  lower  availability  of  precursors.  To  determine  if  abirater¬ 
one  treatment  selects  for  the  HSD3B 1  (1245C)  allele,  genomic 
DNA  from  LAPC4  xenograft  tumors  grown  in  orchiectomized 
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Figure  1.  The3pHSD1(367T)  Protein  Encoded  by  Mutant  HSD3B 1 (1245C)  Increases  Flux  from  DHEA  to  AD,  which  Is  Otherwise  Rate-Limiting, 
En  Route  to  DHT  and  Expression  of  AR-Responsive  Genes 

(A)  Metabolic  flux  from  [3H]-DHEA  (100  nM)  to  AD  and  downstream  to  5a-dione  and  DHT  is  robust  in  LNCaP  but  limited  in  LAPC4.  The  metabolic  pathway 
and  steroid  structures  are  shown,  indicating  sites  of  modification  by  3(3HSD1  in  converting  DHEA  to  AD.  Steroids  were  quantitated  at  the  indicated  time  points  by 
high-performance  liquid  chromatography  (HPLC). 

(B)  DHEA  induces  PSA  and  TMPRSS2  expression  in  a  concentration-dependent  manner  in  LNCaP,  but  not  in  LAPC4.  Expression  was  assessed  by  qRT-PCR 
and  normalized  to  RPLPO  and  vehicle  control. 

(C)  A  substitution  converting  A  ->  C  at  position  1245  in  HSD3B1  occurs  in  LNCaP  and  VCaP,  encoding  a  change  from  N  -*•  T  at  amino  acid  367  in 
3PHSD1. 

(legend  continued  on  next  page) 
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Figure  2.  Somatic  Selection  for  HSD3B1 
(1245C)  Encoding  33HSD1(367T)  Occurs 
with  Resistance  to  Androgen  Deprivation 

(A)  Conversion  from  A  ->  C  in  HSD3B1  occurs  in 
three  CRPC  tumors  from  patients  with  homozy¬ 
gous  wild-type  inheritance.  Sequence  of  cDNA 
clones  from  a  fresh-frozen  tumor  (UTSW7)  con¬ 
firms  expression  of  HSD3B 1  (1245C)  transcript. 

(B)  Three  CRPC  tumors  from  patients  with 
heterozygous  inheritance  exhibit  LOH  of  the 
wild-type  HSD3B 1  (1 245A)  allele.  Sequencing 
informative  (heterozygous)  adjacent  5'  (rs6203) 
and  3'  (rs34814922  and  rsl  13096733)  SNPs 
confirms  LOH. 

(C)  33HSD1  protein  is  abundant  in  tumors  with 
LOH  of  the  HSD3B 1  (1245A)  allele,  but  not  in 
tumors  with  heterozygous  expression  or  homo¬ 
zygous  HSD3B 1  (1 245A)  expression.  Both  tumors 
with  LOH  tested  also  express  AR  and  PSA  (20  gg 
protein  loaded  per  lane  for  each  tumor). 

(D)  Somatic  mutation  converting  A  ->  C  in 
HSD3B1  occurs  in  two  LAPC4  xenograft  tumors 
treated  with  abiraterone  acetate  (Abi)  after  orchi¬ 
ectomy  and  expression  of  HSD3B 1  (1245C) 
transcript  encoding  3pHSD1(367T)  is  evidenced 
by  sequencing  cDNA  clones  from  these  tumors. 
Genomic  sequence  from  two  representative 
control  tumors  (CTRL#1  and  CTRL#2)  treated 
with  orchiectomy  alone  is  shown  for  com¬ 
parison.  All  37  cDNA  clones  from  CTRL#1  and 
CTRL#2  have  HSD3B 1  (1245A)  transcript  encod¬ 
ing  3(3HSD1(367N). 

See  also  Figure  S2  and  Table  SI . 


clones  from  Abi  #2.  In  contrast,  the  mutant 
transcript  is  not  present  in  any  of  the  37 
cDNA  clones  obtained  from  two  vehicle- 
treated  LAPC4  xenograft  tumors. 

Blocking  3pHSD1(367T)  Inhibits 
DHT  Synthesis,  the  AR  Response, 


2x5 

■M 

5 

mice  treated  with  abiraterone  or  vehicle  (n  =  8  mice  per  treatment) 
was  isolated  and  sequenced  (Li  et  al.,  2012).  The  1245C  allele  is 
detectable  in  2  of  8  tumors  (Abi  #1  and  Abi  #2)  in  the  abiraterone 
treatment  group  and  no  tumors  in  the  vehicle  group  (Figure  2D). 
To  confirm  expression  of  the  somatically  acquired  mutation  in 
the  abiraterone  group,  complementary  DNA  (cDNA)  clones 
were  generated  and  sequenced.  The  mutant  HSD3B 1  (1245C) 
transcript  encoding  for  3pHSD1(367T)  is  confirmed  in  12  of  21 
(57%)  cDNA  clones  sequenced  from  Abi  #1  and  7  of  26  (27%) 


and  CRPC 

To  determine  the  role  of  3pHSD1(367T) 
expression  in  regulating  flux  from  DHEA 
to  DHT  and  AR  stimulation,  endogenous 
expression  was  silenced  in  LNCaP  using  two  independent  lenti- 
viral  short  hairpin  RNAs  (shRNAs)  (Figure  3A).  Blocking  3pHSD1 
expression  with  both  shRNAs  inhibits  flux  from  DHEA  to  AD, 
resulting  in  little  or  no  detectable  conversion  to  downstream 
5a-dione  and  DHT  (Figure  3B).  Silencing  expression  of  mutant 
3pHSD1  and  blocking  flux  to  DHT  impedes  the  expression  of 
AR-regulated  PSA  and  TMPRSS2  (Figure  3C),  leading  to  inhi¬ 
bition  of  cell  proliferation  in  vitro  (Figure  3D).  In  vivo,  depletion 
of  endogenously  expressed  mutant  3pHSD1  significantly 


(D)  Wild-type  3(3HSD1  (367N)  and  3(3HSD1  (367T)  have  comparable  kinetic  properties.  Michaelis-Menten  plot  of  DHEA  metabolism  with  3|3HSD1  (367N)  (circle)  and 
3|3HSD1(367T)  (square)  enzyme.  The  KM  for  3(3HSD1(367N)  and  3|3HSD1  (367T)  protein  is  32  and  77  gM,  respectively. 

(E)  Endogenous  expression  of  3(3HSD1(367T)  is  associated  with  increased  protein  quantity.  Error  bars  in  (A),  (B),  and  (D)  represent  the  SD  from  experiments 
performed  in  triplicate. 

See  also  Figure  SI . 
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Figure  3.  Genetic  Silencing  of  3pHSD1(367T)  Impedes  Conversion  of  DHEA  to  DHT,  Induction  of  PSA  and  TMPRSS2  Expression,  and 
CRPC  Growth 

(A)  Stable  lentiviral  expression  of  two  independent  shRNA  constructs  against  HSD3B1  (shHSD3B1  #1  and  shHSD3B1  #2)  silences  33HSD1  protein  expression  in 
LNCaP.  The  3(3HSD1  protein  was  quantitated  and  normalized  to  cells  expressing  nonsilencing  lentiviral  vector  (shCTRL)  and  p-actin. 

(B)  Silencing  3PHSD1  (367T)  blocks  flux  from  [3H]-DHEA  (1 00  nM)  to  AD  as  well  as  further  downstream  conversion  to  5a-dione  and  DHT.  Cells  were  treated  with 
[3H]-DHEA  in  triplicate,  and  steroids  were  quantitated  with  HPLC  at  the  designated  time  points. 

(C)  Inhibition  of  AR-regulated  genes.  Cells  were  treated  with  the  indicated  concentration  of  DHEA  for  24  hr,  and  gene  expression  was  assessed  by  qRT-PCRand 
normalized  to  shCTRL-infected  cells  treated  with  vehicle  and  the  RPLPO  housekeeping  gene. 

(D)  Silencing  3PHSD1  (367T)  inhibits  in  vitro  growth.  Cells  were  grown  in  the  presence  of  20  nM  DHEA  or  vehicle,  and  growth  for  each  cell  line  was  normalized  to 
vehicle  for  each  designated  day. 

(legend  continued  on  next  page) 
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Figure  4.  Resistance  to  Ubiquitination  and 
Proteosome-Mediated  Degradation  Occurs 
with  33HSD1(367T),  Resulting  in  Prolonged 
Protein  Half-Life 

(A)  3|3HSD1  (367T)  persists  after  inhibition  of  pro¬ 
tein  translation.  LAPC4  cells  were  transiently 
transfected  with  constructs  encoding  for  wild-type 
(N-HA)  and  (T-HA)  protein  and  treated  with  cyclo- 
heximide  (CHX)  for  the  designated  incubation 
times.  Western  blot  with  anti-HA  antibody  was 
performed,  and  the  signal  was  quantitated  and 
normalized  to  time  zero  and  (3-actin. 

(B)  Treatment  with  MG  132  (10  |iM;  8  hr)  reverses 
3|3HSD1(367N)  protein  loss  in  LAPC4  and  results 
in  no  3(3HSD1(367T)  protein  increase  in  LNCaP. 

(C)  Proteosome  inhibition  with  MG132  (10  [xM;  8  hr) 
results  in  an  increase  in  polyubiquitinated 
3(3HSD1(367N)  protein  in  LAPC4  as  evidenced  by 
immunoprecipitation  with  an  anti-ubiquitin  anti¬ 
body.  H.C.,  heavy  chain. 

(D)  Loss  of  3|3HSD1(367T)  vulnerability  to  pro- 
teosome-mediated  degradation  is  explained  by 
diminished  susceptibility  to  ubiquitination.  His- 
ubiquitin  (His-ubi)  was  expressed  with  wild-type 
(N-HA)  or  (T-HA)  protein  in  293  cells,  followed  by 
pull-down  with  Ni-agarose  beads  and  anti-HA 
immunoblot. 

See  also  Figure  S3. 


hinders  CRPC  growth  in  surgically  orchiectomized  mice  (Fig¬ 
ure  3E).  CRPC  tumors  that  eventually  develop  from  cell  lines 
initially  expressing  lentiviral  shRNA  knockdown  constructs  re¬ 
gain  3pHSD1  protein,  probably  from  selection  for  cells  that 
have  lost  the  shRNA  construct  (Figure  3F). 

3f3HSD1(367T)  Is  Resistant  to  Ubiquitination 
and  Degradation 

Endogenous  expression  of  3(3HSD1(367T)  appears  to  engender 
increased  protein  abundance  compared  to  expression  of 
3(3HSD1  (367N)  (Figure  1 E).  To  determine  if  the  underlying  mech¬ 
anism  is  due  to  an  alteration  in  protein  degradation,  wild-type 
(HSD3B1(N)-HA)  and  (HSD3B1(T)-HA)  constructs  were  gener¬ 
ated  and  transiently  expressed,  and  protein  levels  were 
compared  following  inhibition  of  translation  with  cycloheximide 
(CHX)  treatment.  The  367  N  — ►  T  mutation  substantially  in¬ 
creases  protein  half-life  from  2.1  to  27  hr  (Figure  4A).  Similar 
experiments  with  an  alternative  prostate  cancer  cell  line  (Fig¬ 
ure  S3A)  and  with  stable  expression  of  lentiviral  constructs 
confirm  the  longer  half-life  of  3(3HSD1(367T)  (Figure  S3B).  To 
determine  whether  increased  degradation  of  wild-type  protein 
is  reversible  with  proteasome  inhibition,  cells  were  treated 
with  MG132.  Pharmacologic  proteasome  inhibition  increases 
endogenous  wild-type  3(3HSD1(367N)  in  LAPC4  but  does  not 


increase  3f3HSD1  (367T)  in  LNCaP  (Figure  4B),  and  polyubiquiti¬ 
nated  endogenous  3(3HSD1(367N)  accumulates  with  MG132 
treatment  in  LAPC4  (Figure  4C).  In  contrast,  polyubiquitinated 
endogenous  3|3HSD1(367T)  is  not  increased  in  LNCaP  with 
MG132  treatment  (Figure  S3C).  A  direct  comparison  of  ubiquiti¬ 
nation  between  HA-tagged  wild-type  and  mutant  protein  by 
Ni-agarose  pull-down  demonstrates  that  3(3HSD1(367T)  is 
resistant  to  polyubiquitination  (Figure  4D),  explaining  decreased 
vulnerability  to  proteasome-mediated  degradation  and  longer 
protein  half-life. 

AMFR  Binds  3{3HSD1(367N)  and  Is  Required 
for  Ubiquitination 

We  employed  mass  spectrometry  to  determine  the  lysine 
residue(s)  ubiquitinated  on  3(3HSD1(367N).  Ubiquitination  is 
detectable  on  both  K70  (Figure  5A)  and  K352  (Figure  5B)  of 
3(3HSD1  (367N).  The  effects  of  K352R  and  K70R  single  mutations 
and  a  double  mutation  on  ubiquitination  were  assessed  by 
Ni-agarose  pull-down  (Figure  5C).  K352  appears  to  be  a  more 
critical  site  of  ubiquitination  than  does  K70,  and  mutation  of 
both  sites  decreases  ubiquitination  greater  than  does  either 
mutation  alone. 

Autocrine  mobility  factor  receptor  (AMFR,  also  known  as  gp78) 
is  a  membrane-anchored  ubiquitin  ligase  that  functions  through 


(E)  3|3HSD1  (367T)  depletion  blocks  CRPC  growth  in  LNCaP  xenografts.  Mice  underwent  surgical  orchiectomy  and  DHEA  pellet  implantation  concomitantly 
when  xenograft  tumors  reached  a  threshold  volume  of  100  mm3.  Fifteen  mice  were  initiated  in  each  cohort,  7,  8,  and  10  mice  in  shCTRL,  shHSD3B1  #1,  and 
shHSD3B1  #2  groups,  respectively,  achieved  a  tumor  volume  of  100  mm3  in  eugonadal  mice,  underwent  orchiectomy,  and  were  included  in  the  CRPC  analysis. 
The  number  of  days  from  orchiectomy  to  tumor  volume  >600  mm3  is  shown.  In  the  comparisons  of  shCTRL  versus  shHSD3B1  #1  and  shHSD3B1  #2,  p  =  0.002 
and  0.003,  respectively,  using  a  log  rank  test. 

(F)  3|3HSD1  (367T)  protein  is  regained  in  CRPC  tumors  that  grow  from  LNCaP  expressing  shHSD3B1  #1  and  shHSD3B1  #2.  Immunoblot  for  3|3HSD1  and  |3-actin 
were  performed  on  protein  from  the  indicated  LNCaP  CRPC  tumors.  Error  bars  in  (B),  (C),  and  (D)  represent  the  SD  for  experiments  performed  in  triplicate. 
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Figure  5.  The  ER-Associated  Degradation 
Pathway  and  AFMR  Regulate  3pHSD1 
Ubiquitination  and  Degradation 

(A  and  B)  K70  and  K352  ubiquitination  on  3(3HSD1 
(367N)  is  detectable  by  mass  spectrometry. 

(C)  K70,  352R  mutant  3(3HSD1(367N)  is  resistant 
to  ubiquitination.  K70R  and  K352R  single-  and 
double-mutant  forms  of  N-HA  were  expressed 
with  His-ubi  in  293  cells,  followed  by  pull-down 
with  Ni-agarose  beads  and  anti-HA  immunoblot. 

(D)  Treatment  with  the  ERAD  inhibitor  Eeyarestatin 
I  (Eerl,  10  [iM)  increases  endogenous  3(3HSD1 
protein  in  l_APC4. 

(E)  AMFR  preferentially  physically  associates  with 
wild-type  protein  (N-HA).  Proteins  were  expressed 
in  293  cells  and  immunoprecipitated  with  anti-HA 
antibody,  followed  by  immunoblot  for  AMFR.  H.C., 
heavy  chain. 

(F)  Silencing  the  ubiquitin  E3-ligase  AMFR  increases 
3(3HSD1  protein  detected  in  LAPC4  cells.  In  con¬ 
trast,  genetically  silencing  the  ubiquitin  E3-ligase 
SKP2  has  no  detectable  effect  on  3|3HSD1 . 
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preferential  physical  association  of 
AMFR  with  3pHSD1(367N)  protein  (Fig¬ 
ure  5E).  To  assess  the  functional  conse¬ 
quence  of  this  interaction,  AMFR  was 
silenced  using  siRNA  (Figure  5F).  AMFR 
knockdown  increases  the  abundance  of 
3pHSD1  protein,  demonstrating  the 
requirement  of  AMFR  for  3pFISD1  degra¬ 
dation  through  the  ERAD  pathway.  In 
contrast,  silencing  the  alternative  ubiqui¬ 
tin  ligase  SKP2  by  siRNA  had  no  detect¬ 
able  effect  on  3pFISD1 . 

3pHSD1(367T)  Increases  DHT 
Synthesis 

To  determine  if  resistance  to  protein 
ubiquitination  and  degradation  ascribed 


the  endoplasmic  reticulum-associated  protein  degradation 
(ERAD)  pathway  (Song  et  al.,  2005).  Eeyarestatin  I  (Eerl)  is 
a  small  molecule  that  inhibits  protein  degradation  through 
the  ERAD  pathway  (Wang  et  al.,  2008,  2009).  Endogenous 
3pFISD1(367N)  protein  increases  in  LAPC4  cells  with  Eerl  treat¬ 
ment,  suggesting  that  the  ERAD  pathway  is  required  for 
3pFISD1(367N)  degradation  (Figure  5D).  Stable  isotope  labeling 
by  amino  acids  in  cell  culture  (SILAC)  coupled  with  high-resolu¬ 
tion  mass  spectrometry  was  employed  to  identify  candidate 
ubiquitin  ligases  in  an  unbiased  manner  that  preferentially  asso¬ 
ciate  with  3pFISD1(367N)  (Ong  et  al.,  2002).  In  this  experiment, 
cells  expressing  3pFISD1(367T)-FIA  and  3pFISD1(367N)-FIA 
were  grown  in  light  and  heavy  media,  respectively.  AMFR  was  de¬ 
tected  with  a  normalized  protein  ratio  of  1 .67  (derived  from  pep¬ 
tide  ratios  varying  <  1 7%)  in  a  mixture  of  3pFISD1  (367N)-FIA  and 
3pHSD1(367T)-HA  immunoprecipitations  mixed  in  a  1:1  ratio, 
indicating  preferential  physical  association  with  3|3HSD1(367N) 
protein.  Immunoprecipitation  of  3pHSD1(367N)-HA  and 
3pHSD1  (367T)-HA,  followed  by  AMFR  immunoblot,  confirms  a 


to  3pHSD1(367T)  confers  increased  synthesis  of  DHT  from  pre¬ 
cursor  steroids,  we  expressed  constructs  that  encode  for 
3pHSD1(367N),  3pHSD1(367T),  or  vector  alone  in  LAPC4  cells 
and  assessed  metabolic  flux  from  [3H]-DHEA  to  downstream 
steroids.  LAPC4  cells  transiently  transfected  with  the  construct 
encoding  for  3pHSD1(367T)  exhibit  increased  flux  from  DHEA 
— ►  AD  -►  5a-dione  — ►  DHT  (Figure  6A).  Equivalent  expression 
of  both  transcripts  was  confirmed  by  qRT-PCR  (Figure  6B). 
Stable  lentiviral  expression  of  3pHSD1(367T)  similarly  confers 
increased  flux  from  DHEA  AD  -►  5a-dione  — ►  DHT  (Fig¬ 
ure  6C),  with  transcript  expression  comparable  to  wild-type 
transcript  expression  (Figure  6D).  Finally,  we  determined  that 
the  3PHSD1(367T)  phenotype  that  accelerates  flux  from 
DHEA  to  DHT  amplifies  the  response  of  androgen-regulated 
gene  expression  (Figure  6E)  and  hastens  the  time  to  the  devel¬ 
opment  of  CRPC  xenograft  tumors  (Figure  6F)  in  orchiectom- 
ized  mice  supplemented  with  DHEA  to  mimic  human  adrenal 
physiology.  3pHSD1(367T)  tumors  express  higher  levels  of 
PSA  transcript  compared  to  3pHSD1(367N)  tumors,  suggesting 


1080  Cell  154,  1074-1084,  August  29,  2013  ©2013  Elsevier  Inc. 


Cell 


Transient 


DHEA 


100 


o  o  75 

l-H  5-h 

“  CD 


3(3HSD 

- ► 

40 


AD 


SRD5A 


5a-dione 


17(3HSD 


DHT 


HSD3B1  mRNA 


50 


IkiL  Lji  l  a 


ec 

00 

o 

l 

■ 

Vector 

>60 

■ 

N  form 

T  1 40 

■ 

T  form 

i  3  20 

a  1 

1  r?  n 

7  hr  24  hr  48  hr 


7  hr  24  hr  48  hr 


7  hr  24  hr  48  hr 


7  hr  24  hr  48  hr 


c 

Stable 

100 

3  3  80 

o  o  60 

^  a  40 

c/3 

°  20 


ililL.-rl  .flfej 


V  N  T 

) 

HSD3B1  mRNA 
§  30 
£20 

I  10 

£  o 


2  hr  4  hr  10  hr 


2  hr  4  hr  10  hr 


2  hr  4  hr  10  hr 


2  hr  4  hr  10  hr 


L  N  T 


E 


43 

nj 

> 


> 

o 

2 

o 

P^H 


350 

300 

250 

200 

150 

100 

50 

0 


PSA 


Vehicle  5nM  lOnM 
DHEA  DHT 


Days 


8\ 

W  4 


PSA 


Figure  6.  3pHSD1(367T)  Increases  Metabolic  Flux  from  DHEA  to  DHT  and  Elicits  CRPC 

(A)  T ransient  expression  of  3f3HSD1  (367T)  (T,  blue  bars)  leads  to  increased  conversion  from  DHEA  to  AD  and  downstream  steroids  compared  with  3|3HSD1  (367N) 
(N,  red  bars).  I_APC4  cells  were  transfected  with  the  indicated  plasmid,  treated  with  CHX,  and  cultured  with  [3H]-DHEA  (100  nM);  steroids  were  extracted  and 
measured  by  HPLC  at  the  designated  time  points  (p  value  =  0.023  for  the  difference  in  DHT  synthesis  by  the  N  and  T  forms  using  Student’s  t  test). 

(B)  Transient  transfection  results  in  equivalent  expression  of  both  transcripts  by  qRT-PCR. 

(C)  Stable  expression  demonstrates  increased  activity  of  3(3HSD1  (367T).  Lentiviral  constructs  expressing  luciferase  (L),  wild-type  (N),  or  (T)  were  stably  expressed 
(without  CHX  treatment),  and  flux  from  [3H]-DHEAto  DHT  was  assessed,  as  described  previously  (p  value  =  0.01 5  for  the  difference  in  DHT  synthesis  by  the  N  and 
T  forms  using  Student’s  t  test). 

(D)  Expression  of  both  enzyme  transcripts  by  qRT-PCR  is  comparable. 

(E)  Increased  flux  from  DHEA  to  DHT  with  stable  expression  of  3(3HSD1  (367T)  leads  to  amplified  expression  of  PSA  in  LAPC4.  Cells  stably  expressing  the 
designated  constructs  were  treated  with  the  indicated  steroids  for  48  hr.  PSA  expression  induced  by  the  DHT-positive  control  is  equivalent  among  the  three  cell 
populations.  For  (B),  (D),  and  (E),  expression  is  normalized  to  RPLPO  and  vector,  luciferase,  or  vehicle  controls.  Error  bars  represent  the  SD  for  experiments 
performed  in  triplicate. 

(F)  Development  of  CRPC  occurs  more  rapidly  in  LAPC4  xenografts  stably  expressing  33HSD1  (367T)  as  compared  with  3(3HSD1  (367N).  Time  from  subcutaneous 
injection  of  cells  in  each  flank  to  tumor  size  =  50  mm3  is  shown  for  each  tumor  that  developed  in  a  mouse  flank  (n  =  40  mouse  flanks  in  each  group),  p  =  0.01 7  for 
the  comparison  using  a  log  rank  test. 

(G)  PSA  expression  is  higher  in  CRPC  tumors  expressing  3(3HSD1(367T)  compared  with  3(3HSD1(367N)  (p  value  =  0.015  using  Student’s  t  test).  Expression  is 
normalized  to  PPLPO.  Bars  represent  the  upper  and  lower  quartiles  of  individual  tumor  values. 


the  presence  of  higher  sustained  DHT  concentrations  gener¬ 
ated  in  3pHSD1(367T)  tumors  (Figure  6G).  Together,  these  find¬ 
ings  support  a  mechanism  that  favors  genetic  selection  for  the 
allele  encoding  3pHSD1(367T)  in  the  setting  of  androgen 
depletion. 

DISCUSSION 

A  major  mechanism  of  resistance  to  frontline  gonadal  T  depletion 
(or  castration)  therapy  is  an  acquired  metabolic  capability,  which 
allows  CRPC  tumors  to  sustain  sufficient  DHT  concentrations 
for  AR  stimulation  and  tumor  progression.  This  study  identifies 


a  gain-of-function  mutation  in  the  steroidogenic  machinery  that 
increases  flux  to  DHT.  Notably,  whether  CRPC  utilizes  the 
major  adrenal  pathway,  or  possibly  de  novo  steroidogenesis 
from  cholesterol,  3p-hydroxyl  oxidation  to  3-keto  and  A5^4 
isomerization  occurring  through  3pHSD  enzymatic  activity  is 
required  for  all  pathways  culminating  in  T  and/or  DHT  synthesis 
(Evaul  et  al.,  2010).  Adrenal  DHEA  and  DHEA-sulfate  are 
typically  present  in  abundant  concentrations  in  human  serum. 
In  the  context  of  intratumoral  3pHSD1(367N)  expression,  the 
clinical  response  to  gonadal  T  depletion  probably  occurs  in 
part  due  to  the  limited  contribution  of  adrenal  precursors  to 
intratumoral  DHT.  Augmented  3pHSD  activity  occurring 
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through  increased  protein  abundance  with  3pHSD1(367T) 
would  therefore  serve  to  open  the  floodgates  on  a  proximal 
and  otherwise  rate-limiting  step  for  the  synthesis  of  DHT,  result¬ 
ing  in  the  development  of  CRPC.  Notably,  in  the  setting  of 
heterozygous  inheritance,  3(3HSD1  protein  expression  is 
markedly  higher  in  tumors  that  have  lost  the  wild-type 
HSD3B 1  (1 245A)  allele  compared  to  tumors  that  retain  the  wild- 
type  sequence  (Figure  2C).  This  finding  might  occur  because 
expression  and  colocalization  of  the  wild-type  3pHSD1(367N) 
protein  reinstates  mutant  3pHSD1(367T)  ubiquitination  and 
subsequent  degradation  via  dimerization  or  oligomerization. 
Nonetheless,  engineered  3pHSD1(367T)  expression  engenders 
increased  flux  to  DHT  and  development  of  CRPC  despite 
endogenous  3pHSD1(367N)  expression  (Figure  6).  Therefore, 
the  transition  from  sole  3pHSD1(367N)  expression  to  mixed 
expression  to  dominant  3pHSD1(367T)  expression  probably 
represents  a  stepwise  selection  for  an  increased  capacity  for 
DHT  synthesis. 

The  population  frequency  of  the  HSD3B 1  (1245C)  allele  is 
approximately  22%  but  appears  to  vary  widely  by  ethnicity 
(http://genome.ucsc.edu/).  Other  studies  suggest  that  the 
HSD3B 1  (1245C)  allele  may  raise  aldosterone  levels  and  increase 
the  risk  of  essential  hypertension  (Shimodaira  et  al.,  2010).  This 
is  probably  attributable  to  increased  3(3HSD  enzyme  activity, 
which  is  required  for  aldosterone  synthesis,  although  aldoste¬ 
rone  is  generally  thought  to  require  3(3HSD2.  Interestingly,  this 
phenotype  appears  to  be  more  severe  with  homozygous 
HSD3B 1  (1245C).  The  observation  of  extremely  high  aldosterone 
with  homozygous  HSD3B 1  (1245C)  is  consistent  with  higher 
enzymatic  activity  and  stepwise  selection  for  sole  3(3HSD1  (367T) 
expression  that  occurs  in  CRPC.  HSD3B 1  (1 245C)  has  no  consis¬ 
tent  effect  on  risk  of  localized  prostate  cancer  (Chang  et  al., 
2002;  Cunningham  et  al.,  2007;  Thomas  et  al.,  2008). 

Although  abiraterone  potently  inhibits  androgen  synthesis, 
clinical  studies  of  urinary  androgen  metabolites  in  patients  with 
CRPC  treated  with  this  drug  have  demonstrated  that  the  block 
is  incomplete  and  that  the  synthesis  of  residual  androgen  pre¬ 
cursors  persists  (Attard  et  al.,  2012).  This  finding  raises  the 
possibility  that  tumor  mechanisms  that  augment  androgen  syn¬ 
thesis  from  limited  precursor  steroids  by  increasing  flux  to  DHT 
might  contribute  to  abiraterone  resistance  (Chang  and  Sharifi, 
2012).  Our  data  demonstrating  the  selection  and  expression  of 
3pHSD1(367T)  in  a  xenograft  model  of  abiraterone  resistance 
suggest  a  genetic  mechanism  for  clinical  resistance  to  abirater¬ 
one  and  that  pharmacologic  inhibition  of  3(3HSD1  might  be  a 
viable  therapeutic  strategy  to  overcome  this  resistance  against 
tumors  expressing  the  mutant  enzyme.  Despite  the  potent 
activity  of  the  AR  antagonist  enzalutamide,  its  affinity  for  the 
ligand-binding  domain  of  AR  is  lower  than  the  affinity  of  DHT 
(Tran  et  al.,  2009).  Increased  metabolic  flux  from  steroid  pre¬ 
cursors  to  DHT  by  3pHSD1(367T)  may  therefore  conceivably 
tip  the  scales  in  the  favor  of  DHT  and  lead  to  enzalutamide 
resistance  as  well.  The  contribution  of  3pHSD1(367T)  in  clinical 
resistance  to  abiraterone  and  enzalutamide,  however,  remain 
to  be  determined. 

The  past  decade  has  brought  to  the  fore  the  development  of 
molecularly  targeted  therapies  that  are  matched  to  specific 
disease-driving  enzyme  mutations  present  in  a  given  patient. 


These  advances  come  mainly  in  the  form  of  tyrosine  kinase 
inhibitors  that  target  gain-of-function  mutations  in  these  sig¬ 
naling  enzymes.  These  include  the  examples  of  EGF  receptor 
inhibitors  matched  with  tumors  harboring  mutant  EGF  receptor 
in  non-small-cell  lung  cancer  and  BRAF  inhibitors  for  melanomas 
that  are  driven  by  BRAF  mutations  (Chapman  et  al.,  2011;  Ko- 
bayashi  et  al.,  2005;  Lynch  et  al.,  2004).  In  contrast,  no  examples 
of  drug  targeting  based  on  enzyme  mutations  exist  in  the  stan¬ 
dard  of  care  for  metastatic  CRPC.  Although  our  demonstration 
is  in  a  gain  of  function  in  a  metabolic  enzyme,  rather  than  a 
signaling  enzyme,  we  believe  the  underlying  principle  is  the 
same,  and  our  findings  expose  the  opportunity  for  matching 
a  mutant  disease-driving  enzyme  biomarker  with  its  cognate 
pharmacologic  inhibitor. 

EXPERIMENTAL  PROCEDURES 
Steroid  Metabolism  Experiments 

Steroid  metabolism  experiments  were  performed  12  hr  after  seeding  cells  by 
treatment  with  1  ml  serum-free  medium  containing  [3H]-labeled  DHEA 
(100  nM,  300,000-600,000  cpm;  PerkinElmer).  Aliquots  of  medium  were 
collected  for  up  to  48  hr  and  treated  with  (3-glucuronidase  (1,000  units; 
Sigma-Aldrich)  at  65°C  for  4  hr.  Deconjugated  steroids  were  extracted,  evap¬ 
orated  under  nitrogen  stream,  dissolved  in  50%  methanol,  and  injected  on  a 
Breeze  1525  system  equipped  with  model  717  plus  autoinjector  (Waters), 
and  steroid  metabolites  were  separated  on  a  Luna  150  x  3  mm,  3.0 
C18  reverse-phase  column  (Phenomenex).  The  column  effluent  was  mixed 
with  Liquiscint  scintillation  cocktail  (National  Diagnostics)  and  analyzed  by 
a  (3-RAM  model  3  in-line  radioactivity  detector  (IN/US  Systems).  Steroid 
metabolism  experiments  with  transient  enzyme  expression  were  performed 
with  pCMV5-HSD3B1  (367N  and  367T)  constructs  24  hr  after  transfection 
and  12  hr  after  treatment  with  25  cycloheximide  (CHX).  Steroid 
metabolism  experiments  with  stable  enzyme  expression  were  performed 
after  lentiviral  infection  with  pLVX-Tight-Puro  vector.  Human  tissues  were 
obtained  using  Institutional  Review  Board-approved  protocols  at  UT 
Southwestern  and  the  University  of  Washington  rapid  autopsy  program. 
Lentiviral  constructs  were  made  from  miR30-styled  shRNA  sequences  and 
cloned  into  the  pGIPZ  vector,  and  infected  cells  expressing  the  constructs 
were  selected  with  2  ^ig/ml  puromycin.  Gene  expression  was  performed  by 
qRT-PCR  using  the  iTaq  SYBR  Green  Supermix  with  the  ROX  kit  (Bio-Rad) 
in  an  ABI-7500  Real-Time  PCR  machine  (Applied  Biosystems).  Protein  half- 
life  was  determined  after  transient  transfection  with  pCMX-HSD3B1-HA 
(367N  and  367T)  plasmids,  followed  in  24  hr  with  25  [iM  CHX  in  serum- 
free  medium  containing  100  nM  DHEA.  Cells  stably  expressing  HA-tagged 
HSD3B1  (367N  and  367T)  in  pLVX-Tight-Puro  were  used  to  determine  pro¬ 
tein  half-life  24  hr  after  induction  of  protein  expression  with  2  ng/ml  doxycy- 
cline  and  treatment  with  CHX. 

For  details  on  all  other  experiments,  including  cell  line  and  human  tissue 
analyses,  xenograft  studies,  gene  expression  studies,  mass  spectrometry, 
and  other  biochemical  experiments,  please  refer  to  the  Extended  Experimental 
Procedures. 

SUPPLEMENTAL  INFORMATION 

Supplemental  Information  includes  Extended  Experimental  Procedures, 
three  figures,  and  one  table  and  can  be  found  with  this  article  online  at 
http://dx.doi.Org/10.1016/j.cell.2013.07.029. 
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Abstract 

The  androgen  receptor  (AR)  is  the  principal  therapeutic  target  in  prostate  cancer.  For  the  past  70  years,  androgen 
deprivation  therapy  (ADT)  has  been  the  major  therapeutic  focus.  However,  some  patients  do  not  benefit,  and  those  tumors 
that  do  initially  respond  to  ADT  eventually  progress.  One  recently  described  mechanism  of  such  an  effect  is  growth  and 
survival-promoting  effects  of  the  AR  that  are  exerted  independently  of  the  AR  ligands,  testosterone  and 
dihydrotestosterone.  However,  specific  ligand-independent  AR  target  genes  that  account  for  this  effect  were  not  well 
characterized.  We  show  here  that  c-Myc,  which  is  a  key  mediator  of  ligand-independent  prostate  cancer  growth,  is  a  key 
ligand-independent  AR  target  gene.  Using  microarray  analysis,  we  found  that  c-Myc  and  AR  expression  levels  strongly 
correlated  with  each  other  in  tumors  from  patients  with  castration-resistant  prostate  cancer  (CRPC)  progressing  despite 
ADT.  We  confirmed  that  AR  directly  regulates  c-Myc  transcription  in  a  ligand-independent  manner,  that  AR  and  c-Myc 
suppression  reduces  ligand-independent  prostate  cancer  cell  growth,  and  that  ectopic  expression  of  c-Myc  attenuates  the 
anti-growth  effects  of  AR  suppression.  Importantly,  treatment  with  the  bromodomain  inhibitor  JQ1  suppressed  c-Myc 
function  and  suppressed  ligand-independent  prostate  cancer  cell  survival.  Our  results  define  a  new  link  between  two  critical 
proteins  in  prostate  cancer  -  AR  and  c-Myc  -  and  demonstrate  the  potential  of  AR  and  c-Myc-directed  therapies  to  improve 
prostate  cancer  control. 
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Introduction 

Prostate  cancer  is  the  most  common  cancer  in  men  in  the 
United  States  with  241,740  new  cases  anticipated  this  year  [1]. 
Despite  screening  and  early  treatment,  prostate  cancer  commonly 
recurs,  and  28,170  men  are  predicted  to  die  from  prostate  cancer 
this  year  [1].  Nearly  all  of  these  prostate  cancer  deaths  are 
attributable  to  metastatic,  castration-resistant  prostate  cancer 
(CRPC)  that  has  progressed  despite  androgen  deprivation  therapy 
(ADT)  —  the  most  common  treatment  for  patients  with  recurrent 
or  advanced  prostate  cancer. 

ADT  works  by  lowering  levels  of  the  potent  AR  ligands 
testosterone  and  dihydrotestosterone  (DHT)  or  interfering  with 
binding  of  androgen  ligands  to  the  androgen  receptor  (AR) 
protein,  the  principal  therapeutic  target  in  prostate  cancer  [2]. 
Despite  ADT,  including  novel  and  more  potent  treatments,  all 
prostate  cancers  eventually  progress  [3,4].  At  progression,  the  AR 
is  ubiquitously  expressed  [5,6]. 


There  are  several  possible  explanations  for  AR-dependent 
mechanisms  of  progression  despite  the  suppression  or  interference 
with  androgen  ligands.  These  include  intratumoral  androgen 
synthesis,  the  generation  of  constitutively  active  AR  transcript 
variants,  AR  gene  amplification,  activating  AR  mutations,  or 
activation  of  the  AR  by  growth  factors  [7—16].  It  is  also  now  clear 
that  the  AR  protein  can  promote  the  activation  of  AR  ligand- 
independent  pathways  distinct  from  AR’s  canonical  ligand- 
activated  pathways  in  CRPC  [17].  However,  critical  downstream 
AR  target  genes  of  this  type  that  account  for  AR  dependent, 
ligand-independent  prostate  cancer  cell  survival  have  not  been 
fully  clarified.  The  study  of  such  AR  target  genes  and  mechanisms 
by  which  AR  regulates  their  expression  will  improve  our 
understanding  of  castration-resistance  and  lead  to  the  identifica¬ 
tion  of  key  AR  dependent  proteins  whose  activity  may  control 
growth  and  survival  of  CRPC  cells.  Such  targets  and  pathways 
would  naturally  become  high  priorities  for  drug  development. 
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To  understand  genes  that  might  account  for  that  effect,  we 
focused  on  c-Myc.  This  is  because:  1)  c-Myc  overexpression 
promotes  prostate  cancer  development  [18];  2)  c-Myc  is  upregu- 
lated  in  androgen  ligand-dependent  prostate  cancer  and  further 
upregulated  in  CRPC  [19,20];  and  3)  prior  reports  have 
demonstrated  that  c-Myc,  like  AR,  contributes  to  ligand-indepen¬ 
dent  prostate  cancer  cell  growth  [21].  Our  review  of  prior  data 
that  localized  AR  binding  sites  throughout  the  genome  by 
chromatin  immunoprecipitation  (ChIP)  showed  that  the  AR 
localizes  to  an  enhancer  element  of  the  c-Myc  gene  [17].  However, 
it  was  unclear  if  c-Myc  was  a  direct  AR  target  gene  and  whether 
androgen  ligands  were  necessary  for  AR  regulation  of  c-Myc 
expression. 

We  determined  that  c-Myc  upregulation  in  human  CRPC 
tumors  correlates  with  AR  upregulation,  and  we  confirmed  that  c- 
Myc  is  a  direct  AR  target  gene  using  chromatin  immunoprecip¬ 
itation  (ChIP)  assays.  c-Myc  suppression  achieves  the  same  overall 
effects  as  AR  suppression,  and  c-Myc  overexpression  attenuates  the 
anti-growth  effects  of  AR  suppression.  While  AR  promotes  c-Myc 
expression,  treatment  with  androgen  ligands  did  not  increase  c- 
Myc  expression.  Thus,  AR  promotes  the  expression  of  c-Myc  in  a 
ligand-independent  manner,  and  c-Myc  is  a  key  AR  target  gene. 

Finally,  we  treated  prostate  cancer  cells  with  the  BET 
bromodomain  inhibitor  JQ1  that  suppresses  c-Myc  expression 
[22,23].  Treatment  withJQl  achieved  the  same  overall  effect  as  c- 
Myc  RNAi  and  reduced  prostate  cancer  cell  survival  in  androgen 
ligand-depleted  conditions. 

Our  studies  clarify  that  c-Myc  is  a  key  androgen  ligand- 
independent  AR  target  gene  that  contributes  to  androgen  ligand- 
independent  but  AR-dependent  prostate  cancer  cell  survival.  Our 
results  also  demonstrate  the  potential  of  AR-directed  therapies  or 
c-Myc-directed  therapies  in  prostate  cancer  as  adjuncts  to  ADT. 

Results 

AR  and  c-Myc  are  Concordantly  Expressed  in  Metastatic 
CRPC 

Both  AR  and  c-Myc  are  critical  survival  pathways  in  prostate 
cancer,  and  expression  levels  of  both  AR  and  c-Myc  are  commonly 
increased  in  human  CRPC  tumors  progressing  despite  ADT 
[24,25].  However,  it  was  unknown  whether  overexpression  of  AR 
and  c-Myc  was  linked  with  the  other  in  human  CRPC  tumors. 
Therefore,  we  determined  the  expression  levels  of  AR  and  c-Myc 
using  gene  expression  microarrays  in  140  human  CRPC  tumors 
versus  15  normal  prostate  samples.  Next,  we  examined  the 
association  of  AR  upregulation  and  c-Myc  upregulation  in  the 
human  CRPC  tumors.  AR  mRNA  levels  in  CRPC  samples  were 
strongly  associated  with  c-Myc  mRNA  levels  (Pearson  correla¬ 
tion  =0.3698,  95%  Confidence  Interval:  0.2172-0.5048,  two- 
tailed  p-value<0.0001)  (Figure  1A).  We  also  calculated  the  odds 
ratio  for  c-Myc  and  AR  upregulation  in  these  CRPC  specimens. 
There  was  a  statistically  significant  association  with  AR  upregula¬ 
tion  and  c-Myc  upregulation  (OR  =3.528,  95%  Confidence 
Interval:  1.347  to  9.240,  p-value:  0.0108  by  Fisher’s  Exact  Test) 
(Figure  IB). 

AR  Suppression  Reduces  the  Growth  of  AR  Ligand- 
dependent  and  AR  Ligand-independent  Castration- 
resistant  Prostate  Cancer  Cells 

We  suppressed  expression  of  the  AR  with  RNAi  in  prostate 
cancer  cells  grown  in  charcoal-stripped,  androgen  ligand-depleted 
serum.  AR  RNAi  reduced  cell  growth  of  both  androgen  ligand- 
dependent  LNCaP  cells  and  their  CRPC  derivatives  called 
LNCaP-abl  (Figure  2A).  Of  note,  both  of  these  cells  only  express 
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the  full-length  AR  transcript.  AR  suppression  with  RNAi  in  the 
22RV1  CRPC  cell  line  that  expresses  both  full-length  AR  and  an 
AR  transcript  variant  achieved  the  same  effect  (Figure  2A).  In  all 
cell  lines,  AR  suppression  reduced  cell  growth  without  inducing 
apoptosis  (data  not  shown),  suggesting  a  defect  in  proliferation. 
Thus,  despite  androgen  ligand  depletion,  AR  suppression  further 
reduces  prostate  cancer  cell  growth. 

c-Myc  Suppression  Recapitulates  the  Effect  of  AR 
Suppression,  and  c-Myc  Overexpression  Attenuates  the 
Anti-tumor  Activity  of  AR  Suppression 

To  determine  if  c-Myc  also  influenced  prostate  cancer  cell 
growth  independent  of  androgen  ligands,  we  suppressed  c-Myc 
using  RNAi.  Like  AR  downregulation,  c-Myc  down-regulation 
suppressed  ligand-independent  growth  of  LNCaP,  abl,  and 
22RV1  cells  (Figure  2B).  Further,  we  simultaneously  suppressed 
AR  and  c-Myc  with  RNAi.  Co-suppression  of  both  proteins  did  not 
reduce  cell  growth  more  than  suppression  of  either  AR  or  c-Myc  by 
itself  (Figure  SI). 

We  also  demonstrated  that  c-Myc  overexpression  conferred 
ligand-independent  growth  to  ligand-dependent  LNCaP  cells 
propagated  long-term  in  castrate  conditions,  which  is  concordant 
with  a  prior  report  (Figure  S2)  [21].  Next,  we  suppressed  AR  with 
RNAi  in  LNCaP  cells  overexpressing  empty  vector  or  c-Myc  and 
quantified  cell  growth.  c-Myc  overexpression  was  protective  against 
the  growth  suppressive  effects  of  AR  RNAi  (Figure  2C).  This 
demonstrates  that  c-Myc  at  least  partially  contributes  to  AR’s 
effects  on  promoting  ligand-independent  prostate  cancer  cell 
survival. 

AR  but  not  Androgens  Promote  c-Myc  Expression 

The  c-Myc  oncogene  is  commonly  upregulated  in  prostate 
cancer,  and  c-Myc  upregulation  promotes  ligand-independent 
prostate  cancer  cell  survival  [21].  However,  the  dependency  of 
c-Myc  expression  on  AR  had  not  been  established.  Accordingly,  we 
examined  previously  published  ChIP  microarray  data  that 
localized  AR  throughout  the  genome  of  androgen  ligand- 
dependent  LNCaP  cells  and  their  Abl  CRPC  derivatives  [17]. 
AR  was  reported  to  be  bound  to  an  enhancer  element  of  the  c-Myc 
gene  in  both  of  these  cell  lines.  Therefore,  we  next  used  ChIP  to 
confirm  these  results. 

First,  we  grew  cells  in  charcoal-stripped,  androgen  ligand- 
depleted  serum  and  determined  the  effect  of  treatment  with  the 
androgen  ligand  R1881  on  AR  occupancy  and  histone  acetylation, 
a  mark  of  active  transcription,  at  the  c-Myc  enhancer  element  using 
ChIP.  We  also  measured  the  effects  of  R1881  treatment  at  the 
well-described,  ligand-activated  gene  KLK3.  AR  and  high  levels  of 
histone  acetylation  were  present  at  the  c-Myc  enhancer  even  when 
cells  were  grown  in  ligand-depleted  serum  (Figure  3A).  Further, 
the  addition  of  R 1881  to  culture  did  not  enhance  AR  occupancy 
or  histone  acetylation  at  c-Myc  (Figure  3A).  This  contrasts  with  the 
effect  of  R 1 88 1  at  the  KLK3  gene  enhancer-  increased  enrichment 
of  AR  and  histone  acetylation  (Figure  3A). 

We  next  determined  the  effect  of  R1881  treatment  on 
expression  of  c-Myc  or  KLK3.  R1881  treatment  increased  KLK3 
expression  (Figure  3B).  However,  R1881  treatment  did  not 
increase  c-Myc  expression.  Figure  3B,C). 

Next,  we  treated  prostate  cancer  cells  with  MDV3100,  a  potent, 
new  androgen  antagonist  [26].  MDV3100  treatment  suppressed 
expression  of  KLK3  but  did  not  affect  expression  of  c-Myc.  (Figure 
S3).  These  results  further  support  the  notion  that  androgen  ligands 
do  not  promote  expression  of  c-Myc. 
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Figure  1.  AR  and  c-Myc  levels  are  positively  correlated  in  CRPC  specimens.  A)  Z-scores  (to  normal  prostate  specimens)  of  AR  versus  c-Myc 
mRNA  expression  across  140  human  CRPC  metastases.  The  Pearson  correlation  coefficient,  linear  regression,  and  F  test  for  significantly  non-zero  slope 
were  performed  for  each  pair  of  genes.  B)  Fisher's  exact  test  and  odds  ratio  on  the  contingency  table  analyzing  the  co-occurrence  of  tumors  with  AR 
or  c-Myc  z-scores  greater  than  2. 
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To  determine  if  the  AR  was  capable  of  regulating  c-Myc  in  a 
ligand-independent  manner,  we  used  RNAi  to  suppress  the 
expression  of  AR  and  measured  c-Myc  expression.  RNAi-mediated 
suppression  of  AR  reduced  c-Myc  mRNA  and  protein  expression 
(Figure  4A,  B).  We  performed  ChIP  assays  and  confirmed  that  Ti? 
RNAi  reduced  AR  and  histone  acetylation  from  the  c-Myc 
enhancer  (Figure  4G).  This  was  most  significant  in  the  22RV1 
cell  line,  although  strong  trends  were  also  seen  in  LNCaP  and  Abl 
cells.  Thus,  c-Myc  is  a  direct  AR  target  gene,  and  AR  RNAi 
suppresses  c-Myc  expression  at  least  in  part  through  depletion  of 
AR  and  histone  acetylation  from  the  c-Myc  enhancer.  We  also 
overexpressed  AR  in  the  Ml 2  prostate  cancer  cell  line  that  does 
not  normally  express  AR.  AR  overexpression  increased  c-Myc 
mRNA  and  protein  expression  (Figure  S4).  This  further  supports 
the  notion  that  AR  activates  c-Myc  expression  in  a  ligand- 
independent  manner. 

AR  Suppression  Recapitulates  the  Effect  of  c-Myc 
Suppression 

We  next  determined  whether  RNAi-mediated  suppression  of 
AR  recapitulated  the  effect  of  RNAi-mediated  suppression  of  c-Myc 
on  expression  of  well-described  c-Myc  target  genes  (Figure  5) 
[27,28].  Both  c-Myc  RNAi  and  AR  RNAi  reduced  expression  of  the 
c-Myc- activated  gene  E2F1\  conversely,  c-Myc  and  AR  RNAi  both 
increased  expression  of  the  c-Myc- repressed  gene  CDKN1A 
(Figure  5).  Recent  reports  demonstrate  that  mitotic  genes, 
including  KIF11,  AURKB,  and  TPX2,  are  key  c-Myc  target  genes 
[29-3 1] .  AR  RNAi  recapitulated  the  effect  of  c-Myc  RNAi  and  also 
reduced  expression  of  these  genes  (Figure  5).  This  demonstrates 
that  AR  suppression  disrupts  c-Myc  function  and  expression  of 
well-established  c-Myc  target  genes. 


The  BET  Bromodomain  Inhibitor  JQ1  Suppresses  c-Myc 
Function  and  Reduces  AR  Ligand-independent  Prostate 
Cancer  Cell  Survival 

Our  results  demonstrate  that  c-Myc  is  an  important  AR  target 
gene  but  that  c-Myc' s  expression  is  not  activated  by  androgenic 
ligands.  Currently,  therapies  to  suppress  AR  expression  are  not  yet 
available.  However,  recent  work  demonstrates  that  a  BET 
bromodomain  inhibitor  called  JQ1  suppresses  c-Myc  expression 
and  c-Myc  function  because  c-Myc  is  a  bromodomain  target  gene 
[22,23].  Therefore,  we  treated  prostate  cancer  cells  with  JQ1.  JQ1 
treatment  reduced  mRNA  and  protein  levels  of  c-Myc 
(Figure  6A,B)  and  suppressed  c-Myc  function  as  measured  by  c- 
Myc  target  gene  expression  (Figure  6B).  Finally,  like  c-Myc  RNAi, 
JQ1  treatment  with  nanomolar  concentrations  reduced  ligand- 
independent  prostate  cancer  cell  survival  (Figure  6C). 

Discussion 

It  is  well-appreciated  that  the  AR  is  a  critical  driver  of  prostate 
cancer  cell  survival  and  that  AR  accounts  for  progression  to  fatal 
CRPC  despite  treatment  with  ADT  [24].  In  many  cases  androgens 
persist  intracellularly  within  CRPC  tumors  despite  castrate  serum 
levels  of  androgens  [24,32].  However,  androgen  ligand-indepen¬ 
dent  but  AR-dependent  mechanisms  that  also  promote  survival  of 
CRPC  cells  have  been  reported.  These  include  activation  of  the 
AR  by  IL-6,  AR  gene  amplification,  and  AR  transcript  variants 
that  lack  the  androgen  ligand  binding  domain  [7-9,15].  All  of 
these  mechanisms  may  contribute  to  prostate  cancer  progression 
despite  ADT  since  none  are  directly  targeted  by  ADT. 

Recently,  it  was  demonstrated  that  the  AR  protein  promotes  the 
expression  of  a  gene  program  distinct  from  its  canonical  androgen 
ligand-directed  targets  in  CRPC  cells  [17].  One  such  example  is 
the  AR  target  gene  UBE2C  that  promotes  ligand-independent 
prostate  cancer  proliferation  [17].  Which  of  the  other  AR-induced 
gene  products  is  critical  for  ligand-independent  prostate  cancer  cell 
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Figure  2.  AR  and  c-Myc  promote  ligand-independent  prostate  cancer  cell  growth.  A)  LNCaP,  abl  and  22RV1  cells  were  transfected  with 
50  nM  of  non-targeted  control  (NTC)  or  AR  RNAi  oligonucleotides.  Cells  were  switched  to  charcoal-stripped  serum  on  the  day  of  transfection.  Cell 
growth  was  determined  5  days  later  for  LNCaP  and  6  days  later  for  abl  and  CRPC  22RV1  with  the  trypan  blue  exclusion  method.  B)  Immunoblot  for  AR 
expression.  The  lower  bands  in  the  AR  immunoblot  in  22RV1  cells  reflect  the  presence  of  an  AR  transcript  variant  [7].  B)  LNCaP,  abl  and  22RV1  cells 
were  transfected  with  50  nM  of  NTC  or  c-Myc  RNAi  oligonucleotides.  Cells  were  switched  to  charcoal-stripped  serum  on  the  day  of  transfection.  Cell 
growth  was  determined  5  days  later  for  LNCaP  cells  and  6  days  later  for  abl  and  22RV1  with  the  trypan  blue  exclusion  method.  Immunoblot  for  c-Myc 
protein  expression.  C)  LNCaP  cells  with  stable  overexpression  of  empty  vector  (EV)  or  c-Myc  were  generated.  These  cells  were  transfected  with  50  nM 
of  non-targeted  control  (NTC)  or  AR  siRNA  oligonucleotides.  Cell  growth  was  determined  6  days  later  with  the  trypan  blue  exclusion  method. 
Immunoblot  for  AR  and  c-Myc  protein  expression.  The  higher  bands  on  the  c-Myc  immunoblot  in  the  c-Myc-overexpressing  cells  represent  the 
ectopically-expressed  c-Myc.  ^denotes  p<0.05  compared  to  NTC. 
doi:1 0.1 371 /journal. pone.0063563.g002 


survival  has  been  unclear.  Our  work  demonstrates  that  the  c-Myc 
oncogene  is  such  a  ligand-independent  AR  target  gene. 

c-Myc  is  commonly  upregulated  in  prostate  cancer,  and  c-Myc 
overexpression  transforms  normal  prostatic  epithelial  cells  in 
genetically  engineered  mouse  models  of  prostate  cancer  and 
confers  ligand-independent  prostate  cancer  cell  survival,  but  the 
dependency  of  c-Myc  expression  on  the  AR  was  unclear 
[18,20,21,33].  We  show  here  that  AR  and  c-Myc  are  commonly 
upregulated  in  CRPC,  and  we  confirmed  that  AR  and  c-Myc 
upregulation  strongly  correlated  with  each  other  in  a  large  series  of 
metastatic  CRPC  patient  tumors  (Figure  1). 

We  confirmed  that  AR  suppression  leads  to  loss  of  c-Myc 
expression  in  prostate  cancer  cell  lines  expressing  full-length  AR 
(LNCaP  and  Abl)  and  in  another  CRPC  cell  line  22RV1  that 
expresses  both  full-length  AR  and  an  AR  transcript  variant. 


Although  we  cannot  exclude  a  role  for  the  AR  transcript  variant  in 
also  promoting  c-Myc  expression,  our  results  with  AR  RNAi  in 
LNCaP  and  Abl  and  our  results  with  AR  overexpression  in  Ml 2 
cells  demonstrate  that  full-length  AR  is  capable  of  activating  c-Myc 
expression  (Figure  4,  Figure  S4). 

Like  AR  RNAi,  c-Myc  RNAi  reduced  prostate  cancer  cell 
survival  in  androgen  ligand-depleted  conditions  while  co-suppres¬ 
sion  of  AR  and  c-Myc  was  not  more  effective  than  suppression  of 
either  protein  alone  (Figure  2,  Figure  SI).  c-Myc  overexpression 
confers  ligand-independent  survival  to  prostate  cancer  cells  (Figure 
S2),  which  matches  a  prior  report  [21].  We  also  showed  that  c-Myc 
overexpression  attenuated  the  anti-tumor  activity  of  AR  suppres¬ 
sion  with  RNAi  (Figure  2C).  Thus,  c-Myc  contributes  to  AR’s 
effects  on  promoting  ligand-independent  prostate  cancer  cell 
survival. 
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Figure  3.  c-Myc  expression  is  not  activated  by  androgen  ligands.  LNCaP,  abl,  and  22RV1  cells  were  grown  in  charcoal-stripped  serum  for  72 
hours  and  then  treated  with  10  nM  R1881  (or  ethanol  vehicle)  for  4  hours.  A)  Chromatin  immunoprecipitation  was  performed  to  determine  the 
enrichment  of  AR  and  histone  H3  acetylation  (AcH3)  at  the  c-Myc  and  KLK3  enhancer  elements.  B)  QRT-PCR  was  performed  to  determine  the  mRNA 
levels  of  KLK3  and  c-Myc  relative  to  actin.  C)  Immunoblotting  was  performed  to  determine  the  protein  levels  of  AR,  c-Myc,  and  actin.  *denotes  p<0.05 
compared  to  vehicle. 
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Despite  the  fact  that  AR  promotes  expression  of  c-Myc, 
treatment  with  androgen  ligand  did  not  increase  c-Myc  expression 
(Figure  3).  Additionally,  treatment  with  androgen  ligands  did  not 
enhance  AR  occupancy  at  the  c-Myc  enhancer  (Figure  3).  This 
contrasts  with  the  effects  of  androgen  stimulation  on  expression  of 
the  KLK3  gene,  a  well-described  androgen-activated  gene,  and  AR 
occupancy  at  the  KLK3  enhancer  (Figure  3).  To  further  confirm 
that  AR  promotes  expression  of  c-Myc  in  a  ligand-independent 
manner,  we  treated  prostate  cancer  cells  with  the  new,  potent 
androgen  antagonist  MDV3100  [26].  Treatment  with  MDV3100 
in  a  recent  randomized,  placebo-controlled  phase  III  clinical  trial 
improved  overall  survival  of  patients  with  CRPC  [34] .  However, 
in  some  patients  there  is  no  tumor  response,  and  at  progression  the 
AR  remains  in  the  nucleus  [3,6,34].  While  MDV3100  treatment 
reduced  expression  of  KLK3 ,  MDV3100  treatment  had  no  effect 
on  c-Myc  expression  (Figure  S3).  These  data  further  support  the 
notion  that  AR  promotes  c-Myc  expression  in  a  ligand-independent 
manner.  c-Myc  is  a  critical  factor  in  ligand-independent  prostate 
cancer  progression  (Figure  2,  Figure  S2)  [21].  Therefore,  in  the 
future,  it  will  be  important  to  measure  c-Myc  expression  and 
function  in  CRPC  patient  tumors  progressing  despite  more 
complete  androgen  interference  with  drugs  such  as  MDV3100. 


Because  of  the  importance  of  c-Myc  as  a  downstream 
contributor  to  AR’s  effects  on  ligand-independent  prostate  cancer 
cell  survival,  we  treated  prostate  cancer  cells  with  the  BET 
bromodomain  inhibitor  JQ1,  a  drug  known  to  suppress  expression 
of  bromodomain  target  genes;  foremost  among  which  was  c-Myc 
[22,23].  In  prior  studies,  JQ1  treatment  in  vitro  and  in  vivo 
suppressed  c-Myc  expression  and  function  and  suppressed  tumor 
growth  without  appreciable  toxicity  [22,23]. 

We  confirmed  thatJQl  treatment  of  prostate  cancer  cells  using 
nanomolar  concentrations  achieved  the  same  overall  effects  as 
RNAi-mediated  suppression  of  c-Myc  —  c-Myc  mRNA  and  protein 
depletion,  suppression  of  c-Myc  function,  and  suppression  of 
ligand-independent  prostate  cancer  cell  survival  (Figure  6).  In  light 
of  the  involvement  of  c-Myc  in  critical  physiological  processes, 
targeting  the  c-Myc  protein  generally  in  multiple  cell  types 
through  long-term  administration  could  be  undesirable  [35,36]. 
Clinical  trials  will  be  necessary  to  determine  the  safety  of 
bromodomain  inhibition.  However,  the  results  to  date,  including 
our  own,  suggest  that  this  is  a  promising  anti-tumor  strategy  for  the 
treatment  of  CRPC  (Figure  6)  [22,23]. 

Finally,  that  the  AR  controls  expression  of  its  target  genes  such 
as  c-Myc  in  a  tissue  specific  manner  suggests  that  the  ideal  agent  for 
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Figure  4.  AR  promotes  ligand-independent  expression  of  c-Myc.  LNCaP,  abl  and  22RV1  cells  were  transfected  with  50  nM  of  non-targeted 
control  (NTC)  or  AR  RNAi  oligonucleotides.  Cells  were  then  grown  in  charcoal-stripped  serum  for  96  hours.  At  the  end  of  the  treatment,  cells  were 
harvested  to  extract  mRNA  and  protein.  A)  QRT-PCR  was  performed  to  determine  the  levels  of  c-Myc  relative  to  actin.  B)  Immunoblotting  was 
performed  to  determine  the  levels  of  AR,  c-Myc  and  actin.  C)  Parallel  treatments  were  performed  and  cells  were  cross-linked  and  processed  for  ChIP 
to  determine  AR  and  histone  H3  acetylation  (AcH3)  enrichment  at  the  c-Myc  enhancer,  ^denotes  p<0.05  compared  to  NTC. 


doi:1 0.1 371  /journal,  pone.0063563.g004 

suppression  of  c-Myc  expression  in  prostate  cancer  cells  specifically 
would  target  AR,  itself.  Indeed,  our  studies  clarify  that  androgen 
ligand-independent  but  AR-dependent  c-Myc  gene  upregulation  is 
a  mechanism  by  which  the  AR  protein  promotes  ligand- 
independent  survival  of  prostate  cancer  cells.  Our  studies  support 
the  worthiness  of  efforts  to  suppress  AR’s  ligand-independent 
function  and  expression  of  important  ligand-independent  AR 
target  genes  such  as  c-Myc  (Figure  7).  Drugs  capable  of  suppressing 
AR  expression  are  only  now  beginning  to  enter  testing.  These 
drugs  include  selective  AR  degraders  and  AR  anti-sense  oligonu¬ 
cleotides  [37—40].  We  await  the  results  of  these  clinical  studies  to 
determine  the  safety,  specificity,  and  efficacy  of  these  agents  in 
men  with  advanced  prostate  cancer. 

Methods 

Cell  Culture 

LNCaP  and  22RV1  cells  were  purchased  from  American  Type 
Culture  Collection  (ATCC)  and  grown  in  10%  charcoal-stripped 
fetal  bovine  serum  for  all  experiments.  Abl  cells,  a  CRPC 
derivative  of  LNCaP,  were  a  kind  gift  from  Zoran  Culig,  PhD 
and  were  grown  in  RPMI  with  10%  charcoal-stripped  fetal  bovine 
serum.  Ml 2  prostate  cancer  cells  expressing  empty  vector  or  AR 
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were  a  kind  gift  from  Stephen  R.  Plymate,  PhD,  and  grown  as 
described  previously  [9]. 

For  RNAi  experiments,  LNCaP  and  abl  cells  were  transfected 
with  RNAi  oligonucleotides  (AR:  5'-GACCUACCGAGGAG- 
CUUUCUU-3',  and  c-Myc:  5 '  -GAGCUAAAAC  GGAG- 
CUUUUdTdT-3')  by  using  DharmaFECT  3  (Dharmacon) 
transfection  reagent  for  a  final  concentration  of  50  nM  [41]. 
22RV1  cells  were  transfected  with  siRNA  oligonucleotides  by 
using  Lipofectamine2000  (Life  Technologies)  transfection  reagent 
for  a  final  concentration  of  50  nM.  Cells  were  harvested  at 
indicated  time  points  post-transfection. 

R1881  (Sigma)  was  resuspended  in  100%  ethanol.  MDV3100 
was  purchased  (Selleckchem)  and  resuspended  in  DMSO.  JQ1  was 
purchased  from  Sigma  and  resuspended  in  DMSO.  Cell  growth 
was  determined  at  the  end  of  treatment  with  the  trypan  blue 
exclusion  method  (Life  Technologies)  following  manufacturers’ 
instructions.  All  cell  culture  experiments  were  performed  with 
biological  triplicate  samples  and  confirmed  in  repeat  experiments. 

LNCaP  cells  with  stable  overexpression  of  c-Myc  or  empty 
vector  were  generated  by  transfecting  LNCaP  cells  with  pCDNA- 
DEST40 -c-Myc  (kindly  provided  by  Rosalie  Sears,  PhD)  or 
pCMV6-AN-His  (Origene)  and  selecting  with  G418. 
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Figure  5.  AR  suppression  recapitulates  the  effect  of  c-Myc  suppression  on  c-Myc  target  gene  expression.  LNCaP  and  abl  cells  were 
transfected  with  50  nM  of  non-targeted  control  (NTC)  and  either  A)  AR  or  B)  c-Myc  RNAi  oligonucleotides.  Cells  were  switched  to  charcoal-stripped 
serum  on  the  day  of  transfection  and  harvested  96  hours  later.  QRT-PCR  was  performed  to  determine  the  levels  of  the  indicated  c-Myc  target  genes 
relative  to  actin.  ^denotes  p<0.05  compared  to  NTC. 
doi:1 0.1 371 /journal. pone.0063563.g005 


Colony-formation  Assay 

200,000  LNCaP  cells  with  stable  overexpression  of  empty  vector 
(EV)  or  c-Myc  were  plated  in  10  cm  dishes.  RPMI  with  10% 
charcoal-stripped  fetal  bovine  serum  supplemented  with  300  ug/ 
ml  G4 1 8  and  1 0  ug/ ml  bicalutamide  treatment  was  added  to  the 
cells  every  other  day  for  14  days.  Next,  the  cells  were  fixed  with 
4%  formaldehyde  and  stained  with  syto60  (Invitrogen).  Images 
were  taken  with  Licor  Odyssey  imaging  system. 

Immunoblotting 

Immunoblotting  experiments  were  performed  as  described 
previously  [42].  Final  images  were  obtained  with  Licor  Odyssey 
imaging  system.  Primary  antibodies  used  were:  AR  (N-20,  Santa 


Cruz);  actin  (Sigma)  and  c-Myc  (Epitomics).  Secondary  antibodies 
were  purchased  from  Licor. 

QRT-PCR 

RNA  was  extracted  from  cell  pellets  stored  in  RNAlater  reagent 
(Life  Technologies)  using  a  MagMAX  Total  RNA  Isolation  kit 
(Life  Technologies)  or  Trizol  (Invitrogen)  according  to  the 
manufacturer’s  instructions.  RNA  concentration  was  determined 
using  a  NanoDrop  ND-1000  spectrophotometer  (NanoDrop). 
250  ng— 1  ug  RNA  (normalized  for  each  experiment)  was  reverse- 
transcribed  using  a  High-Capacity  cDNA  Reverse  Transcription 
kit  (Life  Technologies)  with  random  primers.  Realtime  (QRT)- 
PCR  was  performed  using  a  7500  Fast  thermocycler  (Life 
Technologies)  with  the  following  cycling  program:  50°C  for 
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Figure  6.  JQ1  treatment  suppresses  c-Myc  expression  and  function  and  reduces  ligand-independent  prostate  cancer  cell  survival. 

LNCaP,  abl,  and  22RV1  cells  were  grown  in  charcoal-stripped  serum  and  treated  with  vehicle,  50  nM,  250  nM  or  500  nM  JQ1  every  24  hours  for  72 
hours.  A)  Immunoblotting  was  performed  to  determine  the  protein  levels  of  c-Myc.  B)  QRT-PCR  was  performed  to  determine  the  mRNA  level  of  c-Myc 
and  c-Myc  targets  genes  KIF1 1,  CDKN1A,  TPX2,  and  AURKB  relative  to  actin.  *denotes  p<0.05  compared  to  vehicle.  C)  Cell  viability  was  determined  at 
the  end  of  treatment  with  the  trypan  blue  exclusion  method.  p<0.01  for  the  250  nM  and  500  nM  doses  vs.  vehicle  in  all  three  cell  lines. 
doi:1 0.1 371 /journal. pone.0063563.g006 


AR 

interference 


Androgen  deprivation 


Prostate  cancer  progression 


c-Myc  interference 


Figure  7.  AR  and  c-Myc  are  critical  drivers  of  ligand-independent  mechanisms  of  prostate  cancer  progression.  Currently,  androgen 
deprivation  therapies  that  interfere  with  androgen  ligand  activation  of  the  AR  are  primarily  used  to  treat  this  disease.  These  therapies  suppress  AR's 
androgen  ligand-dependent  function  and  suppress  expression  of  androgen  ligand-dependent  (AD)  AR  target  genes.  However,  despite  these 
treatments  prostate  cancer  progression  is  inevitable.  The  AR  also  promotes  the  expression  of  androgen  ligand-independent  pathways  such  as  c-Myc. 
The  c-Myc  gene  is  commonly  upregulated  in  prostate  cancer  and  contributes  to  androgen  ligand-independent  prostate  cancer  progression.  This 
model  strongly  suggests  that  AR  or  c-Myc-directed  therapies  would  complement  current  androgen  deprivation  strategies. 
doi:1 0.1 371/journal,  pone.0063563.g007 
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2  min,  95  °G  for  10  min,  40  cycles  of  95  °C  for  15  sec  dissociation, 
60°C  for  1  min  annealing/ extension/read.  10  jlL  singleplex 
RTPCR  reactions  contained  IX  Taqman  universal  standard 
mastermix,  IX  Taqman  hydrolysis  probe,  and  10  ng  RNA- 
equivalent  cDNA  template.  Human  beta-actin  (#43263 15E)  was 
used  as  an  endogenous  control.  Primer  information  is  included  in 
Table  SI.  QRT-PCR  for  each  biological  replicate  sample  was 
performed  with  technical  triplicates  and  analyzed  with  7500 
Software  v2.0.5  and  DataAssist  Software  v3.0  (Life  Technologies). 

Chromatin  Immunoprecipitation  (ChIP) 

5  jig  of  anti-AR  antibody  (N-20,  Santa  Cruz),  anti-acetylated 
histone  H3  (AcH3)  antibody  (Millipore)  or  normal  rabbit  (IgG) 
antibody  (Millipore)  were  added  to  sheared,  formaldehyde  cross- 
linked  chromatin  derived  from  1  to  2  X  1 06  cells  to  immunopre- 
cipitate  DNA  overnight  at  4°C.  1%  of  chromatin  was  removed 
prior  to  immunoprecipitation  as  input.  Immune  complexes  were 
collected  with  protein  A  magnetic  beads  (Dynabeads,  Life 
Technologies).  After  extensive  washing,  immune  complexes  were 
released,  cross-links  were  reversed,  and  DNA  was  purified  with 
mini-elute  PCR  purification  kit  (Qiagen)  and  eluted  with  60  jll  EB. 
Realtime  QPCR  was  performed  as  described  above  using  IX 
SYBR  GreenER  mastermix  (Life  Technologies),  750  ng  of  each 
primer,  and  2  Jll  of  the  immunoprecipitated  DNA  or  2  Jll  of  the 
1%  input  in  a  20  JlL  reaction.  Immunoprecipitated  DNA  was 
calculated  as  “fold  enrichment  over  IgG”  with  ddCt  method. 
Primer  information  is  included  in  Table  SI. 

Statistical  Analysis 

Data  are  expressed  as  standard  deviation  of  the  mean.  All  PCR 
results  and  cell  count  results  represent  one  single  experiment 
performed  in  triplicate,  p-values  were  calculated  from  one  single 
experiment  with  two-tailed  unpaired  student’s  T-test  in  Excel 
(Microsoft)  or  Study  Results  1.0  software.  Each  experiment  was 
confirmed  in  two  to  three  separate  experiments. 

AR  ChlP-microarray  Data  Mining 

The  AR  ChlP-microarray  data  was  downloaded  from  http:// 
research4.dfci.harvard.edu/brownlab/ datasets /index. 
php?dir  =  Wang_AR_Data/for  both  abl  and  LNCaP  cells.  We 
filtered  the  data  requiring  that  each  peak  have  a  FDR  <5%  and 
be  within  50  Kb  of  either  the  5'  or  3'  end  of  a  RefSeq  gene.  Using 
these  criteria,  we  found  overlapping  peaks  with  proximity  to  the  c- 
Myc  locus  at  chr8: 12884449 1-1 28845592  ( — 2 1 .6  Kb  from  c-Myc) 
in  abl  cells  and  chr8: 128844572-128845592  (—21.7  Kb  from  c- 
Myc)  in  LNCaP  cells. 

AR  and  c-Myc  Expression  in  Human  Castration-Resistant 
Prostate  Cancer  Tumors 

Agilent  44  K  whole  human  genome  expression  oligonucleotide 
microarrays  (Agilent  Technologies,  Inc.)  were  used  to  profile  140 
human  castration-resistant  prostate  cancer  soft  tissue  metastases 
from  55  patients.  Tissue  samples  were  collected  from  autopsies 
performed  at  the  University  of  Washington  Medical  Center  under 
the  rapid  autopsy  program  with  Institutional  Review  Board 
approval  as  described  previously  [43].  The  tumor  samples  were 
laser-capture  microdissected,  and  total  RNA  was  isolated  and 
amplified  as  described  previously  [44] .  Probe  labeling  and 
hybridization  were  performed  following  the  Agilent  suggested 
protocols,  and  fluorescent  array  images  were  collected  using  the 
Agilent  DNA  microarray  scanner  G2565BA.  Expression  ratios 
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were  normalized  using  the  R  software  Bioconductor  snm  package 
and  combined  with  expression  profiles  from  15  normal  prostate 
specimens  to  create  z-scores,  which  represent  the  number  of 
standard  deviations  away  from  the  mean  of  expression  in  the 
normal  prostate  group  [45,46].  GraphPad  Prism  v4.03  software 
was  used  to  analyze  the  correlation  of  expression  and  strength  of 
association  between  genes.  A  Pearson  correlation  coefficient,  linear 
regression,  and  F  test  for  significantly  non-zero  slope  were 
performed  for  each  pair  of  genes  as  well  as  a  Fisher’s  exact  test 
and  odds  ratio  on  the  contingency  table  analyzing  the  co¬ 
occurrence  of  tumors  with  AR  or  c-Myc  z-scores  greater  than  2. 

Supporting  Information 

Figure  SI  Co-suppression  of  AR  and  c-Myc  does  not 
lead  to  greater  anti-tumor  activity  than  suppression  of 
either  protein  by  itself.  A)  LNCaP  cells  were  transfected  with 
50  nM  of  NTC,  AR,  c-Myc ,  or  both  AR  and  c-Myc  RNAi 
oligonucleotides.  Cells  were  switched  to  charcoal-stripped  serum 
on  the  day  of  transfection.  Cell  growth  was  determined  5  days  later 
with  the  trypan  blue  exclusion  method,  ^denotes  p<0.01 
compared  to  NTC.  B)  Immunoblotting  was  performed  to 
determine  the  levels  of  AR,  c-Myc,  and  actin. 

(TIF) 

Figure  S2  c-Myc  over  expression  promotes  ligand- 
independent  prostate  cancer  growth.  A)  The  same  number 
of  LNCaP  cells  with  stable  overexpression  of  empty  vector  or  c- 
Myc  were  grown  in  10%  charcoal-stripped  fetal  bovine  serum. 
Cell  number  was  determined  1,  4,  and  7  days  after  plating  with  the 
trypan  blue  exclusion  method.  Cell  growth  was  calculated 
compared  to  day  1.  p<0.01  for  both  time  points.  B)  The  same 
number  of  LNCaP  cells  with  stable  overexpression  of  empty  vector 
or  c-Myc  was  plated.  Cells  were  grown  in  charcoal-stripped  serum 
supplemented  with  bicalutamide  for  14  days.  Colony  formation 
was  determined. 

(TIF) 

Figure  S3  MDV3100  treatment  does  not  reduce  c-Myc 
expression.  LNCaP,  abl,  and  22RV1  cells  were  grown  in 
androgen-replete  serum  and  treated  with  10  JlM  MDV3100  or 
vehicle  for  24  hours.  QRT-PCR  was  performed  to  determine  the 
mRNA  levels  of  KLK3  and  c-Myc  relative  to  actin.  ^denotes 
p<0.001  compared  to  vehicle. 

(TIF) 

Figure  S4  AR  overexpression  promotes  c-Myc  upregula- 
tion.  AR  or  empty  vector  was  stably  overexpressed  in  Ml 2 
prostate  cancer  cells  that  do  not  express  endogenous  AR  [9] .  RNA 
and  protein  were  harvested.  A)  QRT-PCR  was  performed  to 
determine  the  level  of  c-Myc  relative  to  actin.  B)  Immunoblotting 
was  performed  to  determine  the  levels  of  AR,  c-Myc  and  actin. 
^denotes  p<0.003  compared  to  empty  vector. 

(TIF) 

Table  SI  Primers  used  for  ChIP-PCR  and  QRTPCR. 

(DOCX) 
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Abstract 

TMPR5S2/ERG  rearrangement,  PTEN  gene  deletion,  and  androgen  receptor  [AR)  gene  amplification  have  been  observed  in 
various  stages  of  human  prostate  cancer.  We  hypothesized  that  using  these  markers  as  a  combined  panel  would  allow 
better  differentiation  between  low-risk  and  high-risk  prostate  cancer.  We  analyzed  110  primary  prostate  cancer  samples,  70 
metastatic  tumor  samples  from  1 1  patients,  and  27  xenograft  tissues  derived  from  22  advanced  prostate  cancer  patients 
using  fluorescence  in  situ  hybridization  (FISH)  analysis  with  probes  targeting  the  TMPRSS2/ERG,  PTEN,  and  AR  gene  loci. 
Heterogeneity  of  the  aberrations  detected  was  evaluated.  Genetic  patterns  were  also  correlated  with  transcript  levels. 
Among  samples  with  complete  data  available,  the  three-marker  FISH  panel  detected  chromosomal  abnormalities  in  53%  of 
primary  prostate  cancers  and  87%  of  metastatic  (Met)  or  castration-resistant  (CRPC)  tumors.  The  number  of  markers  with 
abnormal  FISH  result  had  a  different  distribution  between  the  two  groups  (PC0.001).  At  the  patient  level,  Met/CRPC  tumors 
are  4.5  times  more  likely  to  show  abnormalities  than  primary  cancer  patients  [P< 0.05).  Heterogeneity  among  Met/CRPC 
tumors  is  mostly  inter-patient.  Intra-patient  heterogeneity  is  primarily  due  to  differences  between  the  primary  prostate 
tumor  and  the  metastases  while  multiple  metastatic  sites  show  consistent  abnormalities.  Intra-tumor  variability  is  most 
prominent  with  the  AR  copy  number  in  primary  tumors.  AR  copy  number  correlated  well  with  the  AR  mRNA  expression 
(rho  =  0.52,  P<0.001).  Especially  among  TMPRSS2:ERG  fusion-positive  CRPC  tumors,  AR  mRNA  and  ERG  mRNA  levels  are 
strongly  correlated  (rho  =  0.64,  PC0.001).  Overall,  the  three-marker  FISH  panel  may  represent  a  useful  tool  for  risk 
stratification  of  prostate  cancer  patients. 
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Introduction 

The  discovery  of  recurrent  ETS  gene  rearrangements  in 
prostate  cancers  has  led  to  studies  evaluating  the  functional  role 
of  ETS  genes  in  the  pathogenesis  of  this  disease  and  as  diagnostic 
and  prognostic  biomarkers.  The  most  common  type  of  ETS 
rearrangement,  the  fusion  of  androgen-regulated  TMPRSS2  with 
the  oncogenic  ERG  is  detected  in  approximately  half  of  prostate 
tumors  but  none  of  benign  glands  [1].  However,  studies  assessing 
the  prognostic  significance  of  TMPRSS2.ERG  fusion  have  yielded 
inconsistent  results  [2-5].  Additional  genetic  factors  are  likely  to 
work  in  concert  with  the  fusion  during  cancer  progression.  Recent 
studies  have  shown  that  genetic  aberrations  are  not  only  common 
in  prostate  cancer  but  also  interact  with  each  other  through  related 
pathways,  thereby  contributing  to  the  progression  to  invasive 


diseases.  TMPRSS2  is  regulated  by  androgens,  and  the  androgen 
receptor  (AR)  is  often  amplified  in  patients  treated  with  androgen 
deprivation  therapy  [6,7].  PTEN  deletion,  another  common 
aberration  in  prostate  cancer,  was  correlated  with  the  expression 
of  downstream  p-Akt  and  associated  with  cancer-specific  mortality 
[8,9].  ETS  gene  rearrangements  were  shown  to  cooperate  with 
PTEN  deletion  and  impact  prostate  cancer  prognosis  [10,11]. 
Crosstalk  between  PI3K  and  AR  signaling  pathways  was  recently 
suggested  as  a  mechanism  for  the  development  of  castration 
resistant  prostate  cancer  (CRPC)  [12,13].  PTEN  deletion  was 
shown  to  suppress  androgen-responsive  gene  expression  by 
modulating  AR  transcription  factor  activity.  Also,  PTEN  and  AR 
expression  has  been  shown  to  inversely  correlate  in  prostate  cancer 

[14]. 
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A  critical  clinical  question  concerns  identifying  characteristics  of 
newly  diagnosed  prostate  cancers  that  will  distinguish  aggressive 
from  indolent  behavior.  The  molecular  heterogeneity  of  prostate 
cancers  suggests  that  individual  biomarkers  may  not  be  sufficient, 
and  that  multiple  genetic  markers  may  better  associate  with 
outcome.  In  the  present  study,  we  used  a  three-marker  fluores¬ 
cence  in  situ  hybridization  (FISH)  panel  to  detect  TMPRSS2  and/ 
or  ERG  rearrangements,  AR  gene  amplification,  and  PTEN 
deletion  in  both  primary  and  CRPC  prostate  cancer  samples 
and  compared  the  prevalence,  concurrence,  and  interaction  of 
these  three  markers.  With  the  reference  of  mRNA  expression  data 
generated  from  matching  tumor  samples  from  the  same  patient, 
we  also  demonstrated  how  FISH  findings  correlated  with  changes 
in  gene  expression.  Intra-  and  inter-patient  tumor  heterogeneity 
was  also  analyzed. 

Materials  and  Methods 

Sample  Acquisition 

Ethics  Statement.  The  study  was  approved  by  the  Institu¬ 
tional  Review  Boards  (IRB)  of  the  Fred  Hutchinson  Cancer 
Research  Center  and  the  University  of  Washington  Medical 
Center.  IRB  waived  the  need  for  written  consent  for  this  study 
because  only  de-identified  materials  were  used,  which  were  from 
the  University  of  Washington  Urology  tissue  bank. 

Patient  samples.  De-identified  archived  untreated  primary 
prostate  cancer  samples  (n  =  110)  were  obtained  from  the 
University  of  Washington  (UW)  and  Virginia  Mason  Hospital  in 
Seattle.  A  total  of  83  primary  tumors  generated  analyzable  data 
for  at  least  one  FISH  marker  in  the  panel,  including  69  patients 
with  TMPRSS2 / ERG  FISH  data,  65  patients  with  AR  FISH  data 
and  42  patients  with  PTTWFISH  data.  Metastatic  tumor  samples 
(n  =  70)  were  collected  at  UW  from  autopsies  performed  within  2 
to  4  hours  of  death  of  1 1  CRPC  patients  under  the  rapid  autopsy 
program  [15].  Tumors  were  obtained  from  various  organ  sites, 
frozen  immediately  and  stored  at  —  80°C.  All  tissues  were 
sectioned  for  H&E  staining  and,  for  verification  of  histology, 
reviewed  by  a  pathologist.  FISH  analysis  was  focused  on  cancer 
areas.  A  total  of  67  tumors  yielded  analyzable  data  for  at  least  one 
FISH  marker  in  the  panel,  including  56  tumors  from  10  patients 
with  TMPRSS2 / ERG  FISH  data,  65  tumors  from  1 1  patients  with 
AR  FISH  data,  and  62  tumors  from  1 1  patients  with  PTEN  FISH 
data. 

Prostate  cancer  xenografts.  Prostate  cancer  xenografts 
(LuCaP  lines)  were  originally  isolated  from  various  organs  of 
advanced  patients  [16].  FISH  analyses  were  successful  on  27 
LuCaP  lines,  representing  22  patients,  one  of  which  was  also 
among  the  metastatic  patients  described  above.  These  included  27 
tumors  from  22  patients  with  TMPRSS2/ERG  FISH  data,  26 
tumors  from  21  patients  with  AR  FISH  data,  and  25  tumors  from 
21  patients  with  PTEN  FISH  data.  Together,  combining 
metastatic  patient  tumors  and  xenografts  derived  from  ad¬ 
vanced-stage  prostate  cancer  patients,  the  current  study  evaluated 
a  total  of  94  tumors  from  32  patients. 

Fluorescent  In  Situ  Hybridization  (FISH) 

TMPRSS2 / ERG  rearrangement  was  assessed  using  our  novel  4- 
color  FISH  assay  as  described  separately  [17].  cc TMPRSS2.ERG ” 
refers  to  the  presence  of  fusion  of  the  two  genes.  “ TMPRSS2/ERG 
rearrangement”  refers  to  various  subtypes  of  rearrangement  of 
either  or  both  genes  as  specified  in  the  Results  section.  FISH 
analysis  of  AR  gene  amplification  was  performed  using  the 
SpectrumOrange  AR  (Xql2)  probe  combined  with  the  Spectrum- 
Green  labeled  ChrX  centromere  (Xp  11.1  -q  11.1)  CEP  X  probe  as 


the  control  (Abbott  Molecular,  IL).  PTEN  gene  deletion  was 
examined  using  the  P7TW/CEP10  dual-color  FISH  Probe  set 
(Abbott  Molecular,  IL),  including  the  SpectrumOrange  labeled 
PTEN  (10q23)  probe  and  the  SpectrumGreen  labeled  ChrlO 
centromere  ( 1  Op  1 1.1-1  Oql  1.1)  CEP  10  probe. 

For  each  sample,  a  range  of  25  to  50  intact  and  non-overlapping 
interphase  nuclei  were  enumerated  manually  using  a  100  x  oil 
immersion  lens  on  a  Zeiss  Z1  microscope  (Carl  Zeiss  Canada  Ltd, 
Canada).  AR  gain  and  PTEN  deletion  were  assessed  by  counting 
the  number  of  gene  signal  and  the  corresponding  centromere 
signal  per  nucleus.  AR  gain  was  defined  as  an  average  copy 
number  of  AR  per  nuclei  equal  or  higher  than  2.  True  AR  gene 
amplification  was  defined  as  the  ratio  of  the  total  number  of  AR 
signals  divided  by  the  total  number  of  the  X-chromosome 
centromere  equal  or  greater  than  2.  Samples  with  PTEN 
heterozygous  deletion  had  a  ratio  of  the  total  number  of  PTEN 
signals  divided  by  the  total  number  of  CEP  10  signals  equal  or 
below  0.75.  A  PTEV/CEP10  ratio  equal  or  below  0.2  is 
considered  homozygous  PTEN  deletion.  For  patient-level  analyses 
of  CRPC  patients  with  multiple  tumors,  expression  by  a  given 
marker  was  considered  abnormal  if  the  aberration  was  seen  in  at 
least  one  tumor. 

Expression  Array 

Agilent  44  K  whole  human  genome  expression  oligonucleotide 
microarrays  (Agilent  Technologies,  Inc.,  Santa  Clara,  CA)  were 
used  to  profile  prostate  cancer  xenografts  and  human  castration- 
resistant  soft  tissue  metastases  of  prostate.  Freshly  frozen 
xenografts  were  processed  to  extract  total  RNA  which  was 
amplified  one  round;  patient  samples  were  laser-capture  micro- 
dissected  and  amplified  two  rounds  as  described  previously  [18]. 
Probe  labeling  and  hybridization  was  performed  following  the 
Agilent  suggested  protocols  and  fluorescent  array  images  were 
collected  using  the  Agilent  DNA  microarray  scanner  G2565BA. 
Agilent  Feature  Extraction  software  was  used  to  grid,  extract,  and 
normalize  data.  Expression  ratios  were  log2  scaled  and  mean- 
centered  across  each  gene. 

Statistical  Analysis 

To  complement  the  comparisons  of  archived  primary  tumor 
with  a  separate  cohort  of  patients  with  metastatic  disease,  we 
examined  within-patient  heterogeneity  of  AR  and  PTEN  for 
patients  with  metastatic  disease,  hypothesizing  that  prostate 
tumors  could  differ  from  contemporaneous  metastatic  lesions. 
Linear  mixed  models  with  random  patient  effects  were  fitted  to 
non-prostate  tumors,  and  a  95%  confidence  interval  calculated  for 
subject-specific  [19]  predictions  of  average  expression.  If  a 
subject’s  prostate  tumor  copy  number  status  fell  outside  the 
confidence  interval,  it  would  be  interpreted  as  evidence  of 
potential  differences  between  the  copy  number  status  of  primary 
and  metastatic  lesions.  A  linear  mixed  effects  model  and  the 
%ICC9  SAS  macro  was  used  to  calculate  intraclass  correlation 
coefficients  and  their  confidence  intervals  [20] .  Logistic  regression 
and  generalized  estimating  equations  (GEE)  were  used  to  compare 
rates  of  abnormality  for  primary  and  metastatic  samples, 
controlling  for  tissue  source  (rapid  autopsy  vs  xenograft)  and 
within-patient  correlation  for  tumor-level  analysis.  Heterogeneity 
of  intratumoral  variance  for  different  tumor  sites  was  also  explored 
using  linear  mixed  models.  Additional  statistical  inference  included 
Spearman  correlation  coefficients,  and  the  Wilcoxon  rank  sum  test 
to  compare  distributions  of  the  number  of  markers  with  abnormal 
expression.  P-values  were  two-sided;  statistical  analyses  were 
conducted  using  SAS/STAT  software,  version  9.3  (SAS  Institute, 
Inc.,  Cary,  NC). 
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Results 

The  Prevalence  of  Genetic  Aberrations  Detected  by  the 
Three-marker  FISH  Panel  in  Localized  Primary  and 
Metastatic  or  Castration  Resistant  (Met/CRPC)  Patients 

The  three-marker  FISH  panel  (Figure  1)  used  in  our  study 
detected  frequent  genetic  aberrations  in  prostate  cancer,  and  these 
were  significantly  more  common  in  Met/CRPC  tumors  than  in 
untreated  primary  tumors  (Figure  2A). 

Of  the  34  primary  tumors  in  which  all  3  markers  could  be 
assessed,  16  (47%)  exhibited  no  aberrations  involving  AR,  PTEN  or 
TMPRSS2 / ERG;  1 1  (32%)  were  abnormal  by  one  marker  only.  Six 
patients’  tumors  (18%)  were  detected  abnormal  by  two  markers, 
including  3  with  TMPRSS2.ERG  fusion  and  homozygous  PTEN 
deletion,  2  with  TMPRSS2.ERG  fusion  and  heterozygous  PTEN 
deletion,  and  1  with  non-fusion  alternative  rearrangement  along 
with  heterozygous  PTEN  deletion.  None  of  the  patients  were 
abnormal  by  all  three  markers  because  there  was  no  detectable  AR 
abnormality  when  the  cutoff  for  AR  gain  was  set  to  >  =  2.0  AR  per 
nucleus,  an  arbitrarily  determined  stringent  cutoff.  Two  patients 
would  be  classified  as  mild  AR  gain  if  using  AR  copy  number  per 
nuclei  >  =  1.5  as  the  cutoff  value,  established  as  mean+3SD  based 
on  enumeration  results  on  normal  prostate  epithelial  cells  from  1 8 
different  samples. 

Of  the  30  Met/CRPC  patients /xenografts  with  FISH  results 
from  all  three  markers,  4  (13%)  had  no  abnormal  marker  values. 
Five  (17%)  were  shown  as  abnormal  by  one  marker  only;  13  (43%) 
were  detected  as  abnormal  by  two  markers,  including  8  (27%) 
shown  as  abnormal  by  TMPRSS2/ ERG  and  AR  FISH  and  5  (17%) 
by  TMPRSS2/ERG  and  PTEN.  Eight  patients  (27%)  were 
abnormal  by  all  three  tests. 

We  further  evaluated  subtypes  of  genetic  aberrations  detected 
by  each  marker  in  the  Met/CRPC  cohort  (Figure  2  B-D). 
Rearrangements  of  TMPRSS2  and/ or  ERG  were  detected  in  1 4 
patients  (47%),  including  5  (17%)  with  the  typical  single 
TMPRSS2.ERG  fusion,  5  (17%)  with  dual  or  complex 

TMPRSS2.ERG  fusion,  and  4  (13%)  with  alternative  rearrange¬ 
ments  without  fusion.  Copy  number  increase  (CNI)  of  chromo¬ 
some  21  was  observed  in  10  patients  (33%)  using  the  TMPRSS2/ 
ERG  FISH  probes.  AR  gain  in  one  or  more  lesions  was  observed  in 
18  patients  (60%),  including  6  (20%)  that  resulted  from  gain  of  the 
X-chromosome  and  12  (40%)  with  true  AR  gene  amplification 
(AR/X  >  =  2).  Deletion  of  PTEN  was  detected  in  15  patients 
(50%),  including  5  with  homozygous  deletion. 

A  Wilcoxon  rank  sum  test  suggested  that  the  Met/ CRPC  cohort 
(n  =  30)  generally  had  more  alterations  detected  by  FISH  than  the 
cohort  of  primary  cancers  (N  =  34)  (W  =  1287,  P<0.001).  AR  gain, 
including  moderate  gain  (W  =  1334,  P<0.001),  and  the  combina¬ 
tion  of  TMPRSS2/ERG  and  PTEN  alterations  (W=1181, 
P—  0.005)  were  also  significantly  more  common  in  the  Met/ 
CRPC  tumors. 

The  investigation  of  individual  markers  reflected  unique  trends 
of  changes  of  each  genetic  abnormality  during  the  progression  of 
prostate  cancer.  About  80%  of  Met/CRPC  samples  were 
identified  by  TMPRSS2/ERG  FISH  as  abnormal,  compared  to 
48%  in  primary  samples,  and  the  difference  was  statistically 
significant  (Table  1;  Figure  2B)  (P=0.03).  This  difference 
appeared  to  be  due  to  the  CNI  aberration  rather  than  the 
TMPRSS2.ERG  fusion  itself;  the  percentage  of  patients  with  fusion 
or  alternative  rearrangement  remains  similar,  but  the  percentage 
of  patients  with  dual  fusion  as  opposed  to  single  fusion  is  clearly 
greater  in  the  Met/CRPC  category  than  in  the  primary  tumor 
group  (Figure  2B).  Examining  individual  tumors  (adjusting  for 
within-person  correlation  and  xenograft  status),  the  odds  of  a  Met/ 


CRPC  tumor  exhibiting  an  abnormality  was  4.5  times  greater 
than  odds  for  a  primary  tumor  (P=  0.05).  While  nearly  all  primary 
cancer  patients  showed  normal  AR  status,  over  70%  of  Met/ 
CRPC  patients  demonstrated  various  degrees  of  AR  gene  copy 
number  gain  (Table  1;  Figure  2C).  PTEN  FISH  showed  increased 
heterozygous  PTEN  deletion  and  homozygous  PTEN  deletion  in 
Met/CRPC  compared  with  primary  patients  (Table  1;  Figure  2D) 
[P  —  0.07  at  the  tumor  level,  P  =  0.003  at  the  patient  level).  Of  note, 
for  patient-level  assessments  there  was  a  hierarchy,  so  if  one  lesion 
was  heterozygous  and  the  other  homozygous,  the  patient  level  was 
considered  homozygous. 

Data  of  the  entire  panel  across  different  individuals  showed  that 
prostate  cancer  patients  with  PTEN  deletion  also  tended  to  exhibit 
abnormal  results  in  TMPRSS2/ ERG  FISH  (Figure  2E).  Among  the 
34  primary  cancer  patients  with  data  available  from  all  three 
markers,  6  of  the  8  individuals  with  PTEN  deletion  (75%)  also 
showed  an  abnormal  TMPRSS2/ERG  FISH  result  (Figure  2E). 
Among  the  30  Met/ CRPC  patients  with  data  available  from  with 
either  both  or  all  three  markers,  13  of  the  14  individuals  with 
PTEN  deletion  (93%)  also  showed  abnormalities  in  TMPRSS2 / 
ERG  FISH  analysis.  In  Met/CRPC  patients,  abnormal 
TMPRSS2/ERG  FISH  results  were  also  more  prevalent  among 
patients  demonstrating  gain  of  AR,  and  vice  versa  (Figure  2E). 
Sixteen  out  of  1 7  patients  (94%)  with  AR  gain  showed  TMPRSS2 / 
ERG  abnormalities.  Sixteen  of  24  patients  (67%)  with  TMPRSS2/ 
ERG  abnormalities  also  demonstrated  AR  gain.  Detailed  FISH 
results  on  all  metastatic  samples  from  each  CRPC  patient  are 
summarized  in  Table  2.  Results  of  xenograft  samples  are  listed  in 
Table  3. 

Intra-  and  Inter-patient  Comparison  of  Genomic 
Aberrations  and  Heterogeneity  in  Castration  Resistant 
Prostate  Cancer 

The  3-marker  FISH  analyses  yielded  two  observations  from 
patients  with  metastatic  prostate  cancer:  (1)  within  the  same 
patient,  aberrations  in  metastatic  tumors  were  generally  consistent 
across  tumors;  (2)  several  primary  prostate  tumors  of  CRPC 
patients  exhibited  a  profile  distinct  from  distant  metastatic  sites. 
FISH  analyses  for  AR  copy  number  (Figure  3A)  and  PTEN / 
CEP  10  ratio  (Figure  3B)  showed  discordant  results  between  the 
primary  tumors  and  metastatic  lesions.  In  particular,  for  patient 
#9,  the  prostate  tumor  showed  AR  copy  number  increase,  whereas 
the  metastatic  lesions  all  had  average  AR  <2.  For  patient  #11,  the 
primary  prostate  tumors  showed  normal  AR  results  while 
metastatic  lesions  showed  AR  gain.  Similarly,  the  prostate  lesion 
in  patients  #3  demonstrated  heterozygous  PTEN  deletion  when  all 
metastatic  lesions  had  normal  PTEN.  In  contrast,  for  patient  #11, 
the  metastatic  lesions  showed  homozygous  PTEN  deletion  while 
the  prostate  lesion  did  not.  In  other  cases  (#8  and  #10),  prostate 
tumors  did  not  differ  from  metastatic  lesions  in  abnormal  vs 
normal  marker  signals,  but  were  outside  of  the  95%  confidence 
interval  for  the  subject-specific  average  based  on  linear  mixed 
models  fit  to  metastatic  lesions. 

In  general,  more  than  75%  of  the  variability  was  between- 
patient,  with  relatively  little  within-patient  variation:  the  intraclass 
correlation  coefficient  was  0.76  (95%  Cl  0.54-0.90)  for  average  AR 
and  0.82  (95%  Cl  0.62-0.92)  for  PTEN/ CEF 10.  However,  when 
the  entire  panel  was  evaluated  for  each  individual,  4  (#3,  #5,  #9 
and  #11)  out  of  8  patients  (50%)  with  data  available  from  all  three 
markers  in  the  local  prostate  tumors  showed  different  profiles 
between  the  primary  and  metastatic  tumors.  Further  comparison 
using  data  of  individual  markers  showed  different  levels  of 
deviation  of  the  primary  from  metastatic  tumors.  Of  the  8  patients 
with  available  TMPRSS2/ERG  FISH  results  on  prostate  site 
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Figure  1.  The  three-marker  FISH  panel  including  TMPRSS2IERG  rearrangements,  >4/?  gene  amplification,  and  PTEN  gene  deletion.  (A) 

Illustration  of  the  4-color  FISH  technique  for  the  detection  of  rearrangements  of  TMPRSS2  and/or  ERG.  FISH  probes  target  5 '-TMPRSS2  (red,  probe  I), 
3' -TMPRSS2  (green,  probe  II),  5 '-ERG  (gold,  probe  III),  and  3 '-ERG  (blue,  probe  IV)  simultaneously,  detecting  various  signal  patterns  including  normal 
(i),  single  fusion(ii),  dual/complex  fusion(iii),  alternative  rearrangement  without  fusion  (iv),  and  copy  number  increase(CNI)  without  rearrangements. 
Captured  FISH  images  of  (i)  and  (ii)  are  shown  in  the  left  panel  of  1C;  images  of  (iii)  -  (v)  are  shown  below  the  corresponding  illustration.  (B)  FISH 
probes  used  to  detect  AR  gene  amplification  and  PTEN  gene  deletion  AR  gene  amplification  was  analyzed  using  probes  targeting  AR  (orange)  and  the 
X-chromosome  centromere  (green,  CEPX).  PTEN  gene  deletion  was  detected  using  probes  targeting  PTEN  (orange)  and  the  chromosome  10 
centromere  (green,  CEP10).  (C)  Representative  interphase  FISH  images.  Top  left,  normal  TMPRSS2  and  ERG  signal  pattern  demonstrating  two  sets  of 
the  four  probes  per  nucleus;  Bottom  left,  TMPRSS2:  ERG  fusion  shown  as  juxtaposed  red  and  blue  signals  concurrent  with  missing  or  separation  of  the 
interstitial  green  and  gold  signals;  Top  middle,  normal  AR  signal  pattern  demonstrating  one  orange  AR  and  one  green  X  signal  per  nucleus;  Bottom 
middle,  AR  gene  amplification  presenting  more  than  twice  the  number  of  AR  signals  than  the  CEPX  signals;  Top  right,  normal  PTEN  signal  pattern 
demonstrating  2  orange  PTEN  and  2  green  CEP10  signals  per  nucleus;  Bottom  right,  PTEN  deletion  showing  none  or  1  copy  of  PTEN  signals  per 
nucleus. 

doi:1 0.1 371/journal. pone.0074671  .g001 

tumors,  3  (37.5%)  had  results  in  the  prostate  different  from  those  only  single  deletion  fusion  was  detected  in  a  tumor  from  the 

in  other  metastatic  sites  (Table  2).  Interestingly,  patient  ^5  prostate  of  the  same  patient.  In  the  analyses  of  AR,  3  (#3,  ^9,  and 

demonstrated  dual  deletion  fusion  among  metastatic  sites,  while  #H)  out  of  10  patients  (30%)  showed  results  in  the  prostate  that 
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Figure  2.  The  prevalence  of  genetic  aberrations  detected  by  the  panel.  A  patient  with  multiple  tumors  was  considered  abnormal  by  a  given 
marker  if  the  aberration  was  seen  in  at  least  one  tumor.  (A)  Pie  charts  demonstrate  the  percentage  of  individuals  with  no  (white),  one  (light  grey),  two 
(dark  grey),  and  three  (black)  abnormalities  detected  by  the  panel  among  the  primary  prostate  cancer  (n  =  34)  and  the  metastatic  or  castration 
resistant  prostate  cancer  (Met/CRPC)  cohort  (n  =  30),  respectively.  Among  primary  patients,  an  asterisk  was  used  to  highlight  moderate  AR  gain 
(average  AR  per  nucleus  >  =  1.5  but  <2).  (B-D)  Prevalence  of  each  subtype  of  abnormalities  detected  by  individual  FISH  marker  among  the  primary 
patients  (one  tumor  per  patient,  n  =  34),  Met/CRPC  tumors  (n  =  81),  and  Met/CRPC  patients/xenografts  (n  =  30),  respectively.  TMPRSS2/ERG 
abnormalities  are  categorized  as  single  fusion  (light  blue),  dual/complex  fusion  (dark  blue),  alternative  rearrangements  (green),  and  copy  number 
increase  (CNI)  of  the  normal  gene  alleles  (yellow).  AR  FISH  detected  moderate  AR  gain  (light  blue),  gain  of  X  (dark  blue)  and  AR  gene  amplification 
(green).  PTEN  FISH  abnormalities  includes  heterozygous  (light  blue)  and  homozygous  (green)  PTEN  deletions.  (E)  The  co-occurrence  of  abnormalities 
in  the  three  markers  shown  as  3D  sphere  plots  for  the  primary  cancer  cohort  (left)  and  the  Met/CRPC  cohort  (right).  TMPR5S2/ERG,  PTEN,  and  AR 
results  are  presented  on  X,  Y,  and  Z  axes,  respectively.  The  value  presented  on  each  axis  ranges  from  0  to  1.  "0"  denotes  normal  for  a  given  marker. 
For  TMPRS52/ERG,  "0.5"  indicates  rearrangements,  including  fusion  and  alternative  rearrangements;  "1"  means  CNI  of  the  normal  alleles  without  any 
rearrangement.  For  PTEN  FISH,  both  heterozygous  and  homozygous  deletions  are  presented  as  "1".  For  AR  FISH,  "1"  indicates  AR  copy  number  gain 
(>  =  2.0).  Patients  with  the  same  combination  of  abnormalities  are  clustered  into  a  sphere,  the  volume  of  which  is  proportional  to  the  percentage  of 
patients  in  the  respective  cohort.  Only  patients  with  available  data  from  all  three  markers  are  included.  The  green  sphere  in  the  primary  patient  plot 
denotes  moderate  AR  gain  (>1.5  but  <2.0). 
doi:1 0.1 371/journal.pone.0074671  .g002 
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Table  1.  Prevalence  of  abnormalities  detected  by  each  FISH  marker  among  the  primary  and  the  metastatic  or  castration-resistant 
prostate  cancer  (Met/CRPC)  patients. 


Primary 

Met/CRPC 

Met/CRPC 

/Value 

#  of 
patients 

% 

#  of 
tumors 

% 

#  of 
patients 

% 

Tumors6 

Patients7 

TMPRSS2/ERG 

69 

82 

31 

0.05 

0.03 

Single  fusion 

25 

36% 

13 

16% 

5 

16% 

Dual/complex  fusion 

2 

3% 

25 

30% 

5 

16% 

Alternative  rearrangement 
without  fusion 

4 

6% 

9 

11% 

4 

13% 

Copy  number  increase 

2 

3% 

18 

22% 

10 

32% 

Normal 

36 

52% 

17 

21% 

7 

23% 

AR 

65 

90 

31 

<0.001 

<0.001 

Moderate  A R  gain1 

2 

3% 

17 

19% 

6 

19% 

Gain  of  X2 

0 

0% 

17 

19% 

6 

19% 

AR  amplification3 

0 

0% 

33 

37% 

12 

39% 

Normal 

63 

97% 

23 

26% 

7 

23% 

PTEN 

42 

86 

31 

0.07 

0.003 

Heterozygous 

PTEN  deletion4 

6 

14% 

20 

23% 

9 

29% 

Homozygous 

PTEN  deletion5 

3 

7% 

16 

19% 

5 

16% 

Normal 

33 

79% 

50 

58% 

17 

55% 

Average  AR  per  nucleus  >1.5  but  <2. 

2Average  AR  per  nucleus  >2  but  average  AR/X  ratio<2. 

3Average  AR/X  ratio>2. 

4Average  FTE/V/CEPIO  ratio<0.75  but  >0.2. 

5 Average  PTEN/ CEP10  ratio<0.2. 

6Wald  tests  of  abnormal  vs.  normal  for  primary  vs.  CRPC,  generalized  estimating  equations  (GEE)  with  independence  autocorrelation,  adjusting  for  rapid  autopsy  vs 
xenograft  sample  for  CRPC.  Likelihood  ratio  test  for  AR  (without  adjustment  for  autocorrelation),  since  no  primary  samples  had  abnormal  AR. 

7Wald  tests  of  abnormal  vs.  normal  for  primary  vs.  CRPC,  logistic  regression  adjusting  for  rapid  autopsy  vs  xenograft  sample  for  CRPC.  Likelihood  ratio  test  for  AR,  since 
no  primary  samples  had  abnormal  AR. 
doi:1 0.1 371 /journal. pone.0074671  .t001 


deviated  from  extra-prostatic  tumors.  The  assessment  of  PTEN 
deletion  showed  that  2  (#3  and  #11)  out  of  9  patients  (22.2%) 
demonstrated  different  PTEN  FISH  results  between  prostate  site 
and  metastatic  tumors.  In  patient  #11,  all  extra-prostatic 
metastasis  showed  homozygous  PTEN  deletion,  while  prostate 
tumors  showed  normal  PTEN  results.  Similarly,  the  panel  data  for 
xenografts  also  indicated  that  xenograft  lines  derived  from  the 
same  patient  tend  to  show  the  same  genomic  abnormality 
(Table  3). 

Intra-tumoral  Assessments  of  Genomic  Heterogeneity  in 
Metastatic  Patients 

We  next  sought  to  evaluate  variation  in  genomic  alterations 
detected  by  the  FISH  panel  in  individual  cells  comprising  a 
primary  or  metastatic  tumor.  We  found  substantial  intratumor 
variation  in  AR  copy  number  for  prostate  site  tumors.  Linear 
mixed  models  predicted  AR  copy  number  at  the  cell  level  by  tumor 
type,  with  random  patient  effects.  Table  4  shows  estimates  for  the 
number  of  AR  per  cell,  and  for  the  covariance  parameter  estimates 
that  show  how  within-tumor  variation  and  measurement  error 
differ  between  tumor  types.  Prostate  site  tumors  had  the  highest 
estimated  within-person  AR  standard  deviation  (1.43  AR  per  cell). 
Several  prostate  tumors  and  lymph  node  metastasis  had  some 
unusually  high  counts  that  may  have  contributed  to  the  estimate. 
For  the  PTEN/CEP10  ratio,  the  covariance  estimates  were  also 
found  to  be  heterogeneous  by  tumor  type  (%2 6  =  20,  p  =  0.003),  but 


within-patient  prostate  PTE/V/CEP10  intratumoral  heterogeneity 
was  not  different  from  that  of  metastasis  (%2i  =  0.7,  p  =  0.40). 
Table  4  suggests  that  the  tissue-based  heterogeneity  differences 
were  due  to  low  within-patient  variation  in  the  peritoneal  and 
adrenal  lesions.  These  effects  may  be  confounded  with  patient 
effects,  since  few  patients  had  adrenal  or  peritoneal  lesions.  By  a 
likelihood  ratio  test,  statistical  models  with  separate  covariate 
estimates  for  each  tumor  type  fit  the  data  better  than  a  model  that 
did  not  distinguish  between  tumors  (x26~412,  P<0.001),  and  a 
model  that  distinguished  between  prostate  tissue  and  other  lesions 
(X2s  =  332,  P<0.001). 

Correlation  of  Genomic  Alterations  and  Gene  Expression 
in  Castration  Resistant  Prostate  Cancer 

In  order  to  investigate  the  functional  relationship  of  genetic 
aberrations  detected  by  our  panel,  we  correlated  our  FISH 
findings  with  gene  expression  data  from  9 1  matching  Met/ CRPC 
samples,  including  65  patient  tumors  and  26  xenografts  (Table  SI). 

We  first  compared  AR  copy  number,  determined  by  FISH,  with 
the  AR  transcript  abundance,  determined  by  cDNA  microarray, 
from  the  same  tumor  sample.  We  observed  a  wide  range  of  AR 
expression  in  Met/CRPC  tumors  (Figure  4A).  The  average 
number  of  AR  per  nucleus  and  the  level  of  relative  AR  mRNA 
were  positively  correlated  with  rho  =  0.52  (P<0.001)  (Figure  4A). 
When  normalized  to  the  median  AR  mRNA  expression  level  of  all 
tumors  with  both  AR  FISH  and  mRNA  expression  data  (n  =  88), 
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Table  2.  FISH  data  of  individual  castration  resistant 
metastatic  patient  tumors. 


Average 

AR 


Patient 

Tissue 

TMPRSS2/ERG 

per 

nucleus 

AR/X 

PTENI 

CEP  10 

8 

Liver 

Normal 

5.50 

3.27 

1.19 

8 

LN1 

Normal 

1.12 

1.00 

1.04 

8 

LN2 

Normal 

4.94 

2.74 

1.20 

8 

LN3 

Normal 

5.70 

3.35 

1.16 

8 

Lung 

Normal 

4.38 

2.74 

1.12 

8 

Prostate 

Normal 

2.52 

1.42 

1.00 

1 

Liver 

Normal 

NA 

NA 

0.50 

1 

LN1 

Normal 

1.00 

1.00 

0.52 

1 

LN2 

Normal 

1.03 

1.00 

0.49 

1 

Prostate 

Copy  number 
increase 

1.00 

1.00 

0.50 

4 

Liver 

Single  fusion 

1.19 

1.00 

0.00 

4 

LN1 

Single  fusion 

1.05 

0.98 

0.00 

4 

Lungl 

Single  fusion 

1.00 

1.00 

0.00 

4 

Lung2 

NA 

1.11 

1.00 

NA 

4 

Spleen 

Single  fusion 

1.04 

1.00 

0.00 

4 

Prostate 

NA 

1.08 

1.00 

NA 

5 

LN1 

Dual/complex  fusion 

20.37 

7.10 

0.04 

5 

LN2 

Dual/complex  fusion 

20.76 

6.18 

0.05 

5 

LN3 

Dual/complex  fusion 

37.48 

10.18 

0.00 

5 

LN4 

Dual/complex  fusion 

18.16 

6.78 

0.08 

5 

LN5 

Dual/complex  fusion 

14.48 

6.58 

0.10 

5 

Prostate 

Single  fusion 

102.64 

54.60 

0.03 

2 

LN1 

Dual/complex  fusion 

1.10 

1.00 

1.00 

2 

LN2 

Dual/complex  fusion 

1.66 

0.99 

0.80 

2 

LN3 

Dual/complex  fusion 

1.92 

1.02 

0.97 

2 

Lungl 

Dual/complex  fusion 

1.22 

1.00 

0.96 

2 

Lung2 

Dual/complex  fusion 

2.00 

1.00 

0.98 

2 

Prostate 

Dual/complex  fusion 

1.75 

1.00 

0.95 

9 

Adrenall 

Dual/complex  fusion 

1.62 

1.09 

1.02 

9 

Adrenal2 

Dual/complex  fusion 

1.62 

1.09 

1.02 

9 

Liver 

Dual/complex  fusion 

1.50 

0.99 

0.96 

9 

LN1 

Dual/complex  fusion 

1.86 

1.06 

0.96 

9 

LN2 

Dual/complex  fusion 

1.50 

0.96 

1.00 

9 

LN3 

Dual/complex  fusion 

1.28 

0.98 

1.02 

9 

LN4 

Dual/complex  fusion 

1.26 

1.02 

0.90 

9 

Lungl 

Dual/complex  fusion 

NA 

NA 

0.94 

9 

Lung2 

Dual/complex  fusion 

1.48 

1.04 

1.04 

9 

Spleen 

Dual/complex  fusion 

1.64 

1.01 

0.86 

9 

Prostate 

Dual/complex  fusion 

14.22 

6.35 

0.95 

7 

LN1 

Alternative 

rearrangement 

8.20 

3.20 

0.73 

7 

LN2 

Alternative 

rearrangement 

16.48 

9.81 

0.80 

7 

LN3 

Alternative 

rearrangement 

17.32 

8.33 

0.82 

7 

LN4 

Alternative 

rearrangement 

37.64 

12.38 

0.50 

Table  2.  Cont. 


Patient 

Tissue 

TMPRSS2/ERG 

Average 

AR 

per 

nucleus 

AR/X 

PTENI 

CEP10 

7 

Prostate 

Alternative 

rearrangement 

10.20 

5.31 

0.76 

11 

LN1 

Copy  number 
increase 

6.88 

3.91 

0.03 

11 

LN2 

NA 

7.38 

4.15 

0.05 

11 

LN3 

Copy  number 
increase 

7.44 

4.33 

0.06 

11 

Lung 

NA 

5.56 

3.39 

0.01 

11 

Prostate 

Alternative 

rearrangement 

1.00 

1.00 

0.94 

11 

Prostate 

Alternative 

rearrangement 

1.10 

1.04 

1.02 

3 

Liver 

Copy  number 
increase 

2.58 

1.16 

0.94 

3 

LN1 

Copy  number 
increase 

2.80 

1.32 

0.76 

3 

LN2 

Copy  number 
increase 

2.88 

1.29 

0.82 

3 

Lung 

Copy  number 
increase 

2.74 

1.28 

1.00 

3 

Prostate  1 

Normal 

4.04 

3.61 

0.64 

3 

Prostate  2 

Normal 

1.32 

1.06 

NA 

6 

LN1 

Copy  number 
increase 

2.56 

1.00 

NA 

6 

LN2 

Copy  number 
increase 

2.44 

1.00 

0.57 

6 

LN3 

Copy  number 
increase 

2.55 

1.00 

NA 

6 

Peritoneal 

Copy  number 
increase 

2.21 

0.99 

0.45 

10 

Liver 

NA 

2.88 

1.73 

0.51 

10 

LN1 

NA 

5.62 

3.39 

0.44 

10 

LN2 

NA 

5.35 

3.54 

0.51 

10 

LN3 

NA 

6.36 

3.46 

0.50 

10 

LN4 

NA 

9.78 

5.62 

0.50 

10 

Lung 

NA 

6.18 

3.19 

0.47 

10 

Prostate 

NA 

9.12 

5.36 

0.68 

Only  samples  successfully  hybridized  with  at  least  one  marker  were  presented 
in  the  table,  including  56  tumors  with  TMPRSS2/ERG  FISH,  65  tumors  with  AR 
FISH,  and  62  tumors  with  PTEN  FISH  results. 
doi:1 0.1 371 /journal. pone.0074671  ,t002 

samples  with  AR  gain  (n  =  48),  including  gain  of  X  (n  =  17)  and  AR 
amplification  (n  =  31)  expressed  AR  mRNA  at  2.5 ± 0.3-fold 
(Mean±S.E.)  higher  than  the  median,  while  tumors  without  AR 
gain  (n  =  40)  had  AR  mRNA  level  as  0. 7  ± 0.2-fold  comparing  to 
the  median  (W=1106,  PC0.001).  When  tumors  with  AR  gain 
were  further  divided  into  groups  of  gain  of  X  (n  =  17)  vs  AR  gene 
amplification  (n  =  31),  our  data  showed  that  AR  mRNA  was 
expressed  at  a  similar  level  between  the  two  (W  =361,  P  —  0.24). 

We  then  assessed  the  effect  of  TMPRSS2.ERG  fusion  on  ERG 
mRNA  levels  and  evaluated  whether  ERG  expression  also 
associated  with  the  AR  abundance  in  Met/CRPC  tumors 
(n  =  80,  Figure  4B).  Fusion-negative  tumors  (n  =  42)  expressed 
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Table  3.  FISH  data  of  individual  xenograft  tumors. 


Average  AR 


Xenografts 

Tissue 

TMPRSS2/ERG 

per  nucleus 

ARIX 

PTENICEP10 

LuCaP81 

LN 

Normal 

1.00 

1.00 

0.91 

LuCaP78 

Peritoneal 

Normal 

1.04 

1.00 

1.00 

LuCaP136 

Acites  fluid(cells) 

Normal 

1.04 

1.00 

0.00 

LuCaP153f 

NA 

Normal 

1.50 

1.00 

1.63 

LuCaP147 

Liver 

Normal 

1.96 

1.96 

1.00 

LuCaP49 

Omental  fat  met 

Single  fusion 

1.10 

0.97 

0.54 

LuCaP86.2 

Bladder 

Single  fusion 

1.97 

1.00 

0.93 

LuCaP23.12 

Liver 

Single  fusion 

2.20 

1.04 

0.89 

LuCaP23.1CR 

LuCaP23.1 

Single  fusion 

2.28 

1.00 

NA 

LuCaP23.1 

LN 

Single  fusion 

2.48 

1.00 

0.95 

LuCaP35 

LN 

Single  fusion 

6.44 

2.98 

0.91 

LuCaP35CR 

LuCaP35 

Single  fusion 

34.76 

12.78 

0.96 

LuCaP145.1* 

Liver 

Single  fusion 

1.60 

1.00 

1.15 

LuCaP145.2* 

LN 

Dual/complex  fusion 

1.79 

0.99 

0.87 

LuCaP93 

Prostate 

Dual/complex  fusion 

1.50 

0.99 

0.00 

LuCaP92 

Peritoneal 

Dual/complex  fusion 

2.00 

1.00 

0.90 

LuCaP58 

LN 

Alternative  rearrangement 

1.52 

1.00 

0.37 

LuCaP96** 

Prostate 

Alternative  rearrangement 

1.52 

1.03 

0.60 

LuCaP96CR 

LuCaP96 

Alternative  rearrangement 

5.72 

3.33 

0.79 

LuCaP73 

Prostate 

Copy  number  increase 

1.48 

1.00 

1.03 

LuCaPI 15 

LN 

Copy  number  increase 

1.72 

1.08 

1.02 

LuCaP70 

Liver 

Copy  number  increase 

2.08 

1.00 

1.00 

LuCaP141 

Prostate 

Copy  number  increase 

2.64 

1.00 

0.98 

LuCaPI 46 

NA 

Copy  number  increase 

6.80 

3.90 

1.16 

LuCaP69! 

NA 

Copy  number  increase 

16.70 

7.50 

0.53 

LuCaPI 05 

Rib 

Copy  number  increase 

119.16 

70.93 

0.61 

Xenograft  discontinued. 

*Xenograft  derived  from  patient  #9  in  Table  2. 

**Xenograft  derived  from  a  patient  with  localized  prostate  cancer. 

Only  samples  successfully  hybridized  with  at  least  one  marker  were  presented  in  the  table,  including  23  with  TMPRSS2/ERG  FISH,  26  with  AR  FISH,  and  25  xenografts 

with  PTEN  FISH  results. 

doi:1 0.1 371 /journal. pone.0074671  .t003 


ERG  mRNA  at  0.7  ±0.1  relative  to  the  probe  median,  while 
fusion-positive  tumors  (n  =  38)  expressed  significantly  higher  ERG 
mRNA  at  910.8±3.2  fold  relative  to  probe  median  (W=2073, 
P<0.001).  Copy  number  increase  (CNI)  of  ERG  (or  of  both 
TMPRSS2  and  ERG  without  fusion)  did  not  associate  with  higher 
ERG  mRNA  expression. 

As  ERG  expression  in  the  context  of  a  TMPRSS2.ERG  fusion  is 
regulated  by  AR  activity,  we  evaluated  the  effect  of  AR  on  ERG 
expression  in  Met/ CRPC  tumors  with  and  without 
TMPRSS2.ERG  fusion.  While  both  the  fusion-positive  and 
fusion-negative  samples  showed  a  significant  correlation  between 
AR  mRNA  and  ERG  mRNA  expression,  this  correlation  appeared 
stronger  in  fusion-positive  samples  (rho  =  0.64,  TC0.001,  n  =  38) 
than  in  fusion-negative  samples  (rho  =  0.36,  P  —  0.02,  n  =  42).  This 
correlation  was  further  confirmed  by  a  dichotomized  comparison 
of  ERG  expression  levels  for  the  38  fusion-positive  samples 
between  low-  and  high-  AR  mRNA  expression  groups  using  the 
median  probe  intensity  as  a  divider.  The  low  AR  expressing  tumors 
(n  =  20)  expressed  ERG  at  3. 6 ±1.1  fold  relative  to  the  probe 
median,  while  the  high  AR  expressing  tumors  (n  =  18)  expressed 
ERG  at  2 1.2  ±5. 8  fold  of  probe  median  (T<0.01). 


Discussion 

A  Three  Marker  FISH  Panel  Detects  High  Rates  of 
Recurrent  Genomic  Aberrations  in  Localized  and 
Metastatic  Prostate  Cancers 

Because  of  the  controversial  prognostic  utility  of  TMPRSS2.ERG 
fusion  in  prostate  cancer,  we  employed  the  strategy  of  a  three- 
marker  FISH  panel  to  detect  well  documented  prostate  cancer 
DNA  aberrations,  including  TMPRSS2 / ERG  rearrangements,  AR 
copy  number  gain,  and  PTEJV deletion.  This  panel  clearly  detected 
a  significant  number  of  genetic  abnormalities  in  prostate 
carcinomas,  53%  in  primary  tumors  and  87%  in  Met/CRPCs. 
At  the  individual  tumor  level,  the  odds  of  a  Met/ CRPC  tumor 
being  abnormal  were  4.5  times  greater  than  that  for  a  primary 
tumor.  Collectively,  if  aberrations  in  these  genomic  loci  associate 
with  aggressive  tumor  behavior,  then  this  three-marker  FISH 
panel  may  be  a  useful  tool  in  distinguishing  high-risk  patients  from 
low-risk  ones  at  diagnosis  or  in  repeat  assessments  using  active 
surveillance  strategies.  In  addition,  this  approach  may  be 
particularly  useful  in  characterization  of  circulating  and  dissem¬ 
inated  tumor  cells  (CTC/DTC)  as  using  fewer  cells  for  analysis 
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Within-person  heterogeneity  of  AR  and  PTEN/CEP'\0  for  rapid  autopsy  patients 


A:  AR 


patient  ID 


B:  PTEN/CEP10 


patient  ID 


Figure  3.  Within-patient  heterogeneity  of  XI/?  and  PTENI CEP1 0  for  rapid  autopsy  patients  (n  =  1 1 ).  Each  tumor  s  FISH  result  is  represented 
by  a  plotting  character  (grey  for  metastatic  lesions,  red  for  prostate)  with  multiple  lesions  in  the  same  patient  at  the  same  X  coordinate.  Confidence 
intervals  for  subject-specific  average  copy  number  values  are  shown  in  black.  Thresholds  for  abnormal  signals  are  marked  as  horizontal  dashed  lines 
on  each  plot.  (A)  Average  number  of  AR  per  nucleus.  (B)  Average  PTEN/CEP10  ratio. 
doi:1 0.1 371/journal.pone.0074671  .g003 


Table  4.  Summary  of  intratumoral  heterogeneity. 


AR  (N  =  2591  cells  in  11  patients)  patients 

PTENI  CEP  10  (N 

=  722  cells  in  11  patients) 

N1 

Average  AR 
per  cell2 

Predicted  AR  per 
cell  (95%  confidence 
interval) 

Predicted  within- 
patient  standard 
deviation 

Average 

PTENI  CEP  1  O' 

Predicted  PTENI 

CEP  10  (95% 
confidence  interval) 

Predicted  within- 
patient  standard 
deviation 

Prostate 

12 

2.1 

3.0  (2.6-3.3) 

1.43 

0.9 

0.8  (0.7-0.9) 

0.43 

Adrenal 

2 

1.6 

1.5  (1.4-1. 6) 

1.04 

1.0 

1.0  (0.9-1. 1) 

0.21 

Liver 

6 

2.6 

2.3  (2.1 -2.5) 

1.12 

0.7 

0.7  (0.6-0.8) 

0.44 

Lymph  Node 

34 

5.3 

3.5  (3.3-3.7) 

1.29 

0.5 

0.7  (0.6-0.7) 

0.47 

Lung 

10 

2.0 

2.1  (2.0-2.3) 

1.13 

1.0 

0.7  (0.6-0.8) 

0.46 

Peritoneal 

1 

2.2 

2.0  (1. 7-2.3) 

1.06 

0.4 

0.4  (0.2-0.6) 

0.29 

Spleen 

2 

1.3 

1.3  (1.2-1. 3) 

1.02 

0.4 

0.5  (0.3-0.7) 

0.54 

dumber  of  tumors  in  sample. 

2Median  for  analyzed  tissue. 

Predicted  values  and  covariance  parameter  estimates  are  from  linear  mixed  models  predicting  copy  number  by  tumor  type,  with  random  patient  effects  and  separate 
covariance  parameter  estimates  (within-patient  heterogeneity  and  measurement  error)  for  each  tumor  type. 
doi:1 0.1 371/journal.pone.0074671  ,t004 
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AR  mRNA  abundance  relative  to  median 


Normal 
Gain  of  X 
AR  Amplification 


Fusion  Negative 
Fusion  Positive 


Figure  4.  The  correlation  between  changes  in  gene  expression  and  aberrations  detected  by  the  panel.  (A)  Scatter  plot  demonstrates  the 
correlation  between  FISH  and  expression  data  of  AR  (n  =  88).  The  X-axis  denotes  the  average  number  of  AR  signals  per  nuclei.  The  Y-axis  denotes  the 
AR  mRNA  level  detected  in  the  expression  array  relative  to  the  median.  Black  open  circles  denote  samples  with  an  average  of  less  than  2  AR  per 
nuclei.  Blue  squares  denote  samples  with  copy  number  gain  of  AR  due  to  gain  of  X.  Black  triangles  denote  samples  with  AR  gene  amplification.  (B) 
Scatter  plot  demonstrates  the  effect  of  TMRPSS2:ERG  fusion  and  AR  expression  on  the  abundance  of  ERG  transcript  (n  =  80).  The  X-  and  Y-axis  denotes 
relative  mRNA  abundance  of  AR  and  ERG  compared  to  the  median,  respectively.  Open  circles  and  filled  squares  represent  tumors  without  and  with 
TMPRSS2:ERG  fusion,  respectively. 
doi:1 0.1 371 /journal. pone.0074671  .g004 


and  getting  data  on  three  specific  markers  would  be  a  significant 
advantage.  The  utility  of  these  three  markers  is  further  supported 
by  findings  from  a  recent  study  using  whole  exome  and 
transcriptome  sequencing  technologies  [21].  Grasso  et  al.  identi¬ 
fied  that  AR  and  PTEN  had  the  highest  level  of  copy  number  gains 
and  losses,  respectively,  in  prostate  cancer,  especially  CRPC. 
Their  integrated  genomic  approach  also  demonstrated  the 
interplay  of  these  genomic  alterations  with  TMPRSS2/ERG 
rearrangements.  For  each  individual  marker,  our  study  detected 
similar  abnormality  rates  as  reported  in  the  literature.  For 
rearrangements  of  TMPRSS2  and/or  ERG,  previous  findings 
showed  ERG  rearrangements  in  30—50%  of  localized  prostate 
cancers  [1,2,4,5,22]  and  40-50%  of  metastatic  diseases  [4,23-25]. 
With  our  novel  4-color  FISH  technique,  capable  of  detecting 
rearrangements  of  TMPRSS2  and/or  ERG  simultaneously  in  a 
single  hybridization,  we  found  the  similar  prevalence  for 
TMPRSS2.ERG  fusion,  as  well  as  non-fusion  alternative  rear¬ 
rangements  in  10—12%  patients  in  both  groups.  However,  dual/ 
complex  TMPRSS2.ERG  fusion,  which  has  been  shown  to 
associate  with  poor  survival,  occurs  with  a  substantially  greater 
frequency  in  Met/CRPC  patients  (17%)  than  in  primary  cancer 
patients  (3%).  Similarly,  copy  number  increase  (CNI)  of  TMPRSS2 
and  ERG  without  fusion  was  more  frequent  in  Met/CRPC 
patients  (33%)  than  in  primary  cancer  patients  (3%),  suggesting 
increased  genetic  instability  as  the  disease  progresses,  which  was 


also  observed  in  our  studies  of  disseminated  tumor  cells  obtained 
from  prostate  cancer  patients  [23,26]. 

To  date,  multiple  studies  have  demonstrated  the  occurrence  of 
PTEAToss  ranging  from  less  than  20%  to  nearly  70%  in  early  stage 
prostate  cancer  [8,11,27,28].  The  variation  could  be  attributed  to 
multiple  factors  such  as  differences  in  patient  populations,  cohort 
sizes,  and  the  cutoffs  used  to  determine  the  PTEN  deletion.  Setting 
the  cutoffs  (based  on  the  percentage  of  abnormal  nuclei  among  all 
nuclei  scored)  as  10%  for  homozygous  and  40%  for  heterozygous 
deletion,  Reid  and  colleagues  identified  1 7  %  of  untreated  primary 
prostate  cancers  exhibiting  heterozygous  or  homozygous  deletion 
of  PTEN  [11].  Setting  the  cutoffs  as  30%  for  homozygous  and  20% 
for  heterozygous  deletion,  Yoshimoto  et  al.  identified  the  presence 
of  heterozygous  and  homozygous  PTEN  deletion  in  39%  and  5% 
prostate  cancer  patients,  respectively  [8].  We  observed  PTEN 
deletion  in  21  %  of  primary  cancer  patients  and  47%  of  the  CRPC 
patients  based  on  the  average  ratio  of  PTEN/ CEP  10  signals. 
Similar  to  previous  findings  [29],  our  study  found  that  PTEN 
deletion  tumors  also  tended  to  harbor  TMPRSS2/ERG  abnormal¬ 
ities  (Figure  2E). 

Our  findings  on  AR  gene  amplification  are  unique  and 
particularly  interesting.  AR  amplification  is  generally  considered 
to  be  only  associated  with  CRPC  tumors,  induced  by  hormonal 
deprivation  therapy  or  treatment  with  AR  antagonists.  Previous 
FISH  studies  rarely  detected  AR  gene  amplification  in  clinically 
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localized  prostate  tumors  before  hormonal  therapy,  but  gain  of  the 
X-chromosome  has  been  reported  in  30-50%  patients  when  a 
cutoff  for  gain  was  set  at  9.8%  of  all  cells  examined  [30,31],  which 
implied  that  an  average  of  >  =  1 . 1  copies  of  the  X-chromosome 
per  nucleus  were  considered  abnormal.  In  recurrent  prostate 
cancer,  AR  amplification  was  common,  with  the  reported 
frequency  varying  between  20%  and  60%  [6,7,32,33].  In  these 
studies,  AR  gene  amplification  was  defined  in  a  slightly  different 
manner.  For  example,  among  the  studies  that  used  Tft/X  ratio  to 
define  the  amplification,  the  cutoffs  vary  from  1.5  [32,33],  2.0  [6], 
to  3.0  [7].  In  the  present  study,  we  separated  the  subtype  of  true 
AR  gene  amplification,  defined  as  Tft/X  ratio  >  =  2.0,  from 
general  AR  gain,  defined  as  having  an  average  AR  per  nucleus  of 
>  =  2.0.  We  found  AR  gain  in  58%  of  Met/CRPC  patients, 
including  39%  presenting  as  true  AR  gene  amplification  and  19% 
demonstrating  AR  gain  due  to  simultaneous  gain  of  the  X- 
chromosome,  with  an  average  number  of  X-chromosomes  per 
nuclei  exceeding  2.0  (Table  1).  There  was,  however,  no  difference 
in  the  AR  mRNA  expression  between  the  groups  of  X-gain  vs  AR 
gene  amplification;  AR  copy  numbers  correlated  well  with  AR 
mRNA  levels  (Figure  3A).  We  also  observed  by  SNP-array  GGH 
analysis  that  the  multiple  X  centromere  signals  observed  by  FISH 
sometimes  represent  only  focal  gain  or  amplification  of  the 
genomic  region  around  the  centromere  of  the  X-chromosome 
including  AR  rather  than  gain  of  the  entire  X-chromosome 
(Schoenborn,  unpublished  data  not  shown).  These  data  argue  for 
using  the  absolute  AR  copy  number  alone  to  define  AR  gain/ 
amplification  in  FISH  studies  regardless  of  the  Tft/X  ratio. 
Consequently,  using  the  cutoff  of  2.0  for  AR  gain  would  mean  that 
a  tumor  would  be  considered  abnormal  for  AR  gain  when  AR  copy 
number  is  at  least  doubled  (from  one  copy  in  normal  male  cells  to 
two  copies  in  cancer  cells)  in  100%  of  the  cells,  which  might  be  too 
stringent  a  criterion  and  explains  why  AR  gain  was  never  reported 
previously  in  primary  prostate  cancer.  Our  experimental  cutoff 
based  on  signal  patterns  seen  in  a  series  of  normal  controls  was 
1.48.  Therefore,  we  used  the  1.50  cutoff  for  moderate  AR  gain  in 
Table  1,  which  translates  to  that  AR  gain  in  50%  of  the  cells  would 
be  considered  abnormal.  With  this  cutoff,  we  observed  6%  of 
primary  patients  and  77%  of  Met/CRPC  patients  with  AR  gain. 
This  should  be  a  better  definition  for  AR  gain  and  may  allow 
identification  of  primary  prostate  cancer  patients  with  high  risk  for 
disease  progression.  Supporting  evidence  came  from  LuCaP  96 
(Table  3),  a  xenograft  line  derived  from  a  localized  primary 
prostate  cancer  which  showed  moderate  AR  gain  (1.52  AR  per 
nucleus).  Its  castration-resistant  derivative  line  LuCaP  96CR 
showed  clear  AR  amplification  (5.72  AR  per  nucleus).  The  original 
patient  indeed  had  aggressive  disease  and  died  from  prostate 
cancer.  The  caveat,  however,  is  that  the  xenograft  data  may  not 
faithfully  represent  the  original  tumor  genomics  due  to  potential 
selection  pressures  over  time  on  the  xenograft  specimens. 

FISH  Detected  Genetic  Abnormalities  Strongly  Correlate 
with  Changes  at  the  Expression  Level  and  Suggest 
Functional  Interactions  between  AR,  PTEN  and  TMPRSS2/ 
ERG 

Chaux  et  al.  identified  a  strong  association  between  ERG 
protein  staining  using  immunohistochemistry  and  the 
TMPRSS2.ERG  fusion  status  defined  by  FISH  [34].  Similarly, 
our  study  showed  that  ERG  mRNA  expression  was  significantly 
correlated  with  the  presence  of  TMPRSS2.ERG  fusion.  We  also 
demonstrated  a  strong  positive  correlation  between  AR  copy 
number  gain  and  increased  level  of  AR  mRNA  expression, 
supporting  previous  studies  which  showed  higher  levels  of  AR 


protein  expression  in  prostate  tumors  with  AR  gene  amplification 
than  tumors  without  AR  amplification  [33].  Unlike  this  study  that 
did  not  find  an  effect  of  X-chromosome  gain  on  AR  mRNA,  we 
found  higher  AR  mRNA  levels  in  tumors  with  simple  gain  of  X- 
chromosome,  the  amplitude  of  which  could  not  be  differentiated 
from  tumors  with  true  AR  gene  amplification.  The  similarity  in  AR 
mRNA  levels  in  these  two  groups  may  in  part  be  due  to  the  nature 
of  transcriptome  array  analyses,  where  the  quantification  of  very 
high  levels  of  AR  mRNA  reaches  a  plateau. 

Related  to  the  functional  interactions  of  these  genetic  aberra¬ 
tions,  previous  studies  demonstrated  the  cooperative  relations 
between  PTEN  deletion  and  TMPRSS2/ERG  rearrangements  in 
animal  models  [29,35].  Clinical  studies  demonstrated  significant 
correlations  between  PTEN  gene  deletion  and  deregulation  of  p- 
AKT  as  well  as  AR  protein  expression  in  advanced  localized 
prostate  cancer  [9].  Two  recent  studies  suggested  cross-talk 
between  androgen  signaling  pathway  and  the  PI3K  signaling  in 
a  reciprocal  fashion  [12,13].  At  the  genomic  level,  studies  using 
large  clinical  cohorts  demonstrated  both  presence  and  absence  of 
enrichment  between  TMPRSS2.ERG  fusion  and  PTEN  gene 
deletion  in  prostate  cancer  [9,11].  Our  study  also  confirmed 
enrichment  of  TMPRSS2 / ERG  abnormalities  in  tumors  with  either 
PTEN  deletion  or  AR  gain  (Figure  2E).  AR  gain,  but  not  PTEN 
deletion,  was  enriched  in  Met/CRPC  tumors  with  TMPRSS2/ 
ERG  abnormalities.  However,  it  is  not  obvious  from  our  study  that 
PTEN  and  AR  expression  were  inversely  correlated  in  prostate 
cancer,  as  previously  reported  [14]. 

More  importantly,  we  demonstrated  that  AR  and  ERG 
expression  levels  strongly  correlated  with  each  other,  especially 
in  TMPRSS2.ERG  fusion-positive  tumors  (Figure  4B).  We  propose 
the  model  that  moderate  AR  gain  in  a  TMPRSS2.ERG  fusion¬ 
positive  primary  prostate  cancer  might  synergistically  enhance  the 
expression  of  ERG,  which  gives  growth  advantage  to  those  cells 
with  moderate  AR  gain.  ERG  expression  beyond  a  certain 
threshold  would  convey  castration  resistance  to  the  tumor  cells, 
which  in  turn  increases  the  AR  copy  number  and  expression  to 
compensate  for  androgen  deprivation,  contributing  to  disease 
progression  and  metastasis.  Future  work  is  needed  to  further  study 
the  hypothesis  and  the  prognostic  utility  of  the  three-marker  FISH 
panel. 

Heterogeneity  of  Genetic  Aberrations  Detected  by  the 
Three-marker  FISH  Panel 

The  genetic  heterogeneity  assessment  among  CRPC  patients 
showed  that  the  major  variability  were  between-patient.  Within  a 
given  CRPC  patient,  aberrations  in  metastatic  tumors  were 
generally  consistent  across  tumors,  which  are  congruent  with  the 
general  notion  that  metastatic  cancer  cells  originated  from  the 
primary  cancer  cells  and,  therefore,  likely  maintain  the  same 
genetic  lesion.  However,  some  primary  tumors  may  differ  from 
metastatic  lesions  (Figure  3).  This  observation  supported  previous 
findings  which  demonstrated  that  primary  prostate  cancer  is 
multiclonal,  but  most  prostate  cancer  metastases  are  likely 
monoclonal  in  origin  [23,36].  Also,  primary  tumors  in  the  CRPC 
patient  population  have  been  exposed  to  aggressive  therapy,  which 
over  time  could  result  in  genomic  alterations  inconsistent  with  the 
original  primary  tumor.  In  addition,  intra-tumor  variation  was 
evident  by  both  the  AR  and  PTEN  markers,  which  showed  greater 
heterogeneity  from  tumors  at  the  prostate  site  than  distant 
metastases.  This  does  not  negate  the  significant  intra-patient 
protein  expression  observed  in  our  previously  reported  studies 
[37].  These  findings  support  the  multifocal  and  possibly  multiclo¬ 
nal  nature  of  advanced  stage  prostate  cancer,  especially  at  the 
prostate  microenvironment  [38]. 
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In  summary,  we  evaluated  both  primary  cancer  patients  and 
Met/CRPC  patients  for  the  presence  of  TMPRSS2/ERG  rear¬ 
rangements,  AR  gene  copy  number  gain,  and  PTEN  deletion  using 
a  three-marker  FISH  panel.  Our  panel  detected  highly  recurrent 
genetic  abnormalities  that  showed  distinct  distribution  between 
primary  prostate  cancer  patients  and  Met/CRPC  patients.  Since 
these  abnormalities  occurred  more  frequently  in  Met/CRPCs, 
which  represent  more  aggressive  disease,  when  present  in  localized 
primary  prostate  cancer,  would  convey  aggressive  characteristics 
to  these  localized  tumors.  Therefore,  our  results  support  the 
prognostic  potential  of  the  three-marker  FISH  panel  for  risk 
stratification.  FISH  findings  strongly  correlated  with  the  tran- 
scriptome  levels  and  provided  further  insight  in  the  interaction  of 
these  three  gene  related  functional  pathways.  Tumor  heterogene¬ 
ity  analysis  demonstrated  more  inter-patient  variability  than  intra¬ 
patient,  and  that  the  intra-patient  tumor  heterogeneity  was  mainly 
due  to  the  deviation  of  the  prostate  site  tumor  from  metastases. 
Future  studies  will  focus  on  applying  this  panel  to  retrospective  or 
prospective  studies  on  untreated  primary  cancer  patients  and  on 
CTC/DTC  to  test  its  ability  to  stratify  patients  and  predict  clinical 
outcome. 
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ABSTRACT 


Purpose 

Ligand-mediated  activation  of  the  androgen  receptor  (AR)  is  critical  for  prostate  cancer  (PCa) 
survival  and  proliferation.  The  failure  to  completely  ablate  tissue  androgens  may  limit  suppression 
of  PCa  growth.  We  evaluated  combinations  of  CYP17A  and  5-u-reductase  inhibitors  for  reducing 
prostate  androgen  levels,  AR  signaling,  and  PCa  volumes. 

Patients  and  Methods 

Thirty-five  men  with  intermediate/high-risk  clinically  localized  PCa  were  randomly  assigned  to 
goserelin  combined  with  dutasteride  (ZD),  bicalutamide  and  dutasteride  (ZBD),  or  bicalutamide, 
dutasteride,  and  ketoconazole  (ZBDK)  for  3  months  before  prostatectomy.  Controls  included 
patients  receiving  combined  androgen  blockade  with  luteinizing  hormone-releasing  hormone 
agonist  and  bicalutamide.  The  primary  outcome  measure  was  tissue  dihydrotestosterone 
(DHT)  concentration. 

Results 

Prostate  DHT  levels  were  substantially  lower  in  all  experimental  arms  (0.02  to  0.04  ng/g  \/0.92 
ng/g  in  controls;  P  <  .001).  The  ZBDK  group  demonstrated  the  greatest  percentage  decline  in 
serum  testosterone,  androsterone,  and  dehydroepiandrosterone  sulfate  (P<  .05  for  all).  Staining 
for  AR  and  the  androgen-regulated  genes  prostate-specific  antigen  and  TMPRSS2  was  strongly 
suppressed  in  benign  glands  and  moderately  in  malignant  glands  (P<  .05  for  all).  Two  patients  had 
pathologic  complete  response,  and  nine  had  <  0.2  cm3  of  residual  tumor  (defined  as  a 
near-complete  response),  with  the  largest  numbers  of  complete  and  near-complete  responses  in 
the  ZBDK  group. 

Conclusion 

Addition  of  androgen  synthesis  inhibitors  lowers  prostate  androgens  below  that  achieved  with 
standard  therapy,  but  significant  AR  signaling  remains.  Tissue-based  analysis  of  steroids  and  AR 
signaling  is  critical  to  informing  the  search  for  optimal  local  and  systemic  control  of  high-risk 
prostate  cancer. 

J  Clin  Oncol  32:229-237.  ©  2013  by  American  Society  of  Clinical  Oncology 


INTRODUCTION 


Therapeutic  approaches  that  reduce  circulating 
testosterone  are  the  most  effective  treatments 
available  for  metastatic  prostate  cancer.  Strategies 
designed  to  impede  androgen  receptor  (AR)  sig¬ 
naling  have  also  shown  beneficial  effects  in  pre¬ 
venting  or  treating  localized  prostate  cancers.1,2 
However,  the  efficacy  of  androgen  deprivation 
therapy  (ADT)  is  limited  by  the  inability  to  con¬ 
sistently  reduce  tissue  androgens  to  below  levels 
that  activate  AR  signaling.  Despite  reduction  of 
serum  testosterone  and  dihydrotestosterone  (DHT) 
levels  to  lower  limits  of  assay  quantification,  pros¬ 
tate  androgens  in  patients  who  have  undergone 


castration  remain  at  25%  to  35%  of  levels  in  un¬ 
treated  patients.3  5  Consistent  with  these  high  re¬ 
sidual  androgen  levels,  persistent  expression  of 
AR-regulated  genes  is  noted  in  prostate  epithe¬ 
lium  after  ADT.5,6  The  inability  to  completely 
ablate  androgens  and  AR  signaling  is  reflected  in 
the  low  number  of  complete  clinical  responses 
observed  in  studies  of  neoadjuvant  ADT,  with 
pathologic  complete  responses  reported  in  only 
4%  of  men  treated  with  3  to  8  months  of  ADT 
before  prostatectomy.7,8  These  observations  sug¬ 
gest  the  AR  program  continues  to  function  as  a 
key  survival  factor  and  that  efforts  culminating  in 
AR  program  extinction  may  produce  more  sub¬ 
stantial  response  rates. 
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This  study  was  designed  to  determine  whether  combinations  of 
agents  targeting  testicular,  adrenal,  and  prostate  androgen  production 
would  suppress  prostate  androgens  and  AR  signaling  more  effectively 
than  testicular  androgen  suppression  alone,  and,  secondarily,  whether 
this  would  enhance  pathologic  responses.  We  used  the  luteinizing 
hormone- releasing  hormone  (LHRH)  agonist  goserelin  to  reduce  se¬ 
rum  testosterone;  the  5-n-reductase  (SRD5A)  inhibitor  dutasteride  to 
inhibit  conversion  of  testosterone  to  the  more  potent  androgen  DHT, 
the  CYP11A1/CYP17A1  inhibitor  ketoconazole  to  block  production 
of  adrenal  androgen  precursors,  and  the  AR  antagonist  bicalutamide 
to  further  inhibit  AR  signaling  by  remaining  androgenic  ligands.  We 
used  a  neoadjuvant  strategy  to  directly  assess  the  efficacy  of  these 
agents  on  their  targeted  pathways  and  to  permit  quantitative  measures 
of  tissue  androgens  and  residual  tumor  volumes. 


PATIENTS  AND  METHODS 


Patient  Population 

This  was  a  randomized,  unblinded,  parallel-group  study.  All  procedures 
were  approved  by  institutional  review  boards  of  University  of  Washington, 
Veterans  Affairs  Puget  Sound,  and  Dana-Farber  Cancer  Institute,  and  all 
subjects  signed  written  informed  consent.  Eligible  men  had  localized  prostate 
cancer  (Tlc-T3,  NO/NX,)  with  Gleason  score  >  7.  Patients  with  a  risk  of  nodal 
involvement  more  than  10%  were  required  to  have  negative  bone  scan  and 
computed  tomography  of  the  abdomen/pelvis.  Prior  therapy  for  prostate 
cancer,  including  drugs  affecting  androgen  or  ketoconazole  metabolism,  his¬ 
tory  of  thrombosis,  unstable  angina,  or  heart  failure  were  exclusionary.  Men 
were  required  to  have  a  serum  testosterone  >  280  ng/dL  and  normal  blood 
counts,  creatinine,  and  transaminases. 

Study  Procedures 

Patients  were  randomly  assigned  to  3  months  of  neoadjuvant  therapy 
with  (1)  goserelin  (Zoladex;  AstraZeneca,  London,  United  Kingdom)  10.8  mg 
with  high-dose  dutasteride  (Avodart,  GlaxoSmithKline,  London,  United 
Kingdom)  3.5  mg  per  day  (ZD;  n  =  12);  (2)  goserelin,  bicalutamide  (Casodex; 
AstraZeneca)  50  mg  per  day,  and  dutasteride  (ZBD;  n  =  12);  or  (3)  goserelin, 
bicalutamide,  dutasteride,  and  ketoconazole  200  mg  three  times  per  day  (with 
prednisone  5  mg  per  day;  ZBDK;  n  =  13).  Otherwise  eligible  men  who 
presented  to  clinic  already  receiving  combined  androgen  blockade  with  an 
LHRH  agonist  and  bicalutamide  underwent  prostatectomy  with  tissue  acqui¬ 
sition  at  3  months  as  controls  (ZB,  n  =  8).  A  group  of  untreated  patients  who 
met  enrollment  criteria  were  included  for  comparison  (n  =  11).  All  patients 
underwent  open  retropubic  prostatectomy. 

Tissue  Acquisition  and  Determination  of  Tumor  Volume 

Transverse  2-  to  4-mm-thick  sections  of  the  prostate  were  made  from 
apex  to  base  and  divided  into  quadrants.  Alternating  cross-sections  were 
submitted  for  formalin  fixation  or  snap  frozen.  Hematoxylin  and  eosin- 
stained  slides  were  used  for  pathologic  staging  (International  Society  of  Uro¬ 
logical  Pathology  guidelines)9  and  determination  of  tumor  volume  by 
tissue  morphometry. 

Androgen  Measurements 

Serum  and  tissue  androgen  levels  were  determined  by  mass  spectrometry 
in  a  blinded  manner,  using  a  modification  of  methods  we  have  previously 
described.10  Benign  prostate  tissue  was  macro-dissected  from  snap-frozen 
prostatectomy  tissue  (owing  to  limitations  and  variability  in  the  amount  of 
residual  tumor  tissue  present  in  the  frozen  tissue  available  for  analysis).  The 
lower  limit  of  quantitation  in  serum  was  0.49  pg/sample  for  testosterone, 
DHT,  and  androstenedione  (AED)  and  3.9  pg/sample  for  dehydroepiandros- 
terone  (DHEA)  and  in  tissue  was  0.49  pg/sample  for  testosterone  and  0.98 
pg/sample  for  DHT,  AED,  and  DHEA.  Intra-assay  coefficients  of  varia¬ 
tion  generated  using  human  serum  for  high-,  mid-,  and  low-range 
samples  were  5.4%,  4.8%,  and  5.2%  for  testosterone;  6.4%,  6.2%,  and 


17.2%  for  DHT;  4.6%,  4.2%,  and  3.0%  for  AED;  and  2.9%,  3.7%,  and 
5.5%  for  DHEA.  Serum  levels  of  DHEA  sulfate  (DHEA-S)  were  mea¬ 
sured  as  free  DHEA  after  sulfatase  treatment.  Free  DHEA  and  andros- 
terone  were  measured  using  a  Girard  testosterone  derivatization 
strategy  in  conjunction  with  a  stable  isotope  dilution  liquid  chroma¬ 
tography  electrospray  ionization  selected  reaction  monitoring  mass 
spectrometry  method  that  we  have  recently  established  (Tamae  et  al, 
manuscript  submitted  for  publication). 

Immunohistochemistry 

A  prostate  tissue  microarray  comprising  six  benign  and  cancer  contain¬ 
ing  cores  (0.6  mm)  was  created  using  fixed  blocks  obtained  at  prostatectomy. 
Serial  sections  were  stained  using  an  autostainer  (Dako  North  America, 
Carpinteria,  CA)  with  primary  antibodies  against  AR  (BioGenex  antibody 
F39.4.1,  1:500;  BioGenex,  Fremont,  CA);  prostate-specific  antigen  (PSA) 
(Dako  antibody  A562, 1:50),  andTMPRSS2  (previously  described11).  Immu- 
nostaining  was  assessed  in  a  blinded  manner  using  a  compositional  method  for 
the  percentage  of  cells  at  each  intensity  level  (no  stain,  weak  stain,  intense 
stain).  The  mean  percentage  with  high-intensity  immunohistochemistry 
(IHC)  expression  was  separately  tabulated  in  benign  and  cancer  glands  for 
each  subject.  Data  are  displayed  as  stacked  bar  graphs  representing  the  mean 
percentage  staining  at  each  intensity  level  in  benign  or  malignant  prostate 
epithelium  for  each  treatment  group. 

Statistical  Analyses 

Linear  regression  models  were  used  to  compare  prostate  and  serum 
androgens  in  each  protocol  treatment  arm  (ZD,  ZBD,  and  ZBDK)  to  the 
standard  treatment  arm  (ZB).  Measurements  were  log- transformed  to  satisfy 
normality  assumptions,  Dunnetfs  adjustment  was  used  to  correct  for  multi¬ 
plicity,12  and  a  sandwich  estimator  of  the  covariance  matrix  was  used  to 
account  for  variance  across  treatment  groups.13  For  IHC  analyses,  the  mean 
percentage  high  staining  in  tissues  from  the  control  arm  receiving  combined 
blockade  (ZB)  and  the  grouped  study  arms  (ZD,  ZBD,  and  ZBDK)  were 
compared  with  the  mean  percentage  high-intensity  staining  in  untreated  tis¬ 
sues  using  Welch’s  t  tests.  Significant  differences  in  intense  staining  for  AR, 
PSA,  and  TMPRSS2  in  benign  or  cancer  tissue  were  not  observed  among  the 
three  study  arms  (ZD,  ZBD,  and  ZBDK),  except  for  lower  percent  intense  PSA 
staining  in  benign  tissue  from  the  ZBD  cohort  compared  with  ZD  and  ZBDK, 
so  data  from  these  cohorts  were  grouped  together. 

Differences  in  serum  androgens,  tissue  androgens,  tumor  volume, 
and  prostate  IHC  score  stratified  by  PSA  nadir  were  evaluated  by  Welch’s  t 
tests.  The  PSA  nadir  was  dichotomized  at  0.2  based  on  previous  reports 
demonstrating  lower  tumor  volume  and  relapse  rates  in  patients  treated 
with  ADT  combined  with  surgery.7,14,15  The  dependence  of  time  to  PSA 
relapse  on  change  in  serum  and  tissue  androgens,  PSA  nadir,  tumor 
volume,  and  treatment  group  was  evaluated  using  Cox  proportional  haz¬ 
ards  models.  The  proportional  hazards  assumption  was  tested  with  the 
cox.zph  function  in  the  R  survival  package. 


RESULTS 


Patient  Characteristics 

This  study  enrolled  35  patients  with  intermediate  to  high-risk 
prostate  adenocarcinoma  (Fig  1;  Table  1).  Although  patients  were 
randomly  assigned  to  the  three  treatment  arms,  they  were  not  strati¬ 
fied,  and  a  higher  proportion  of  patients  with  intermediate-risk  pros¬ 
tate  cancer  were  treated  in  the  ZBDK  cohort,  compromising 
conclusions  about  clinical  efficacy.  All  patients  had  PSA  decline,  and 
there  was  no  evidence  of  disease  progression  during  treatment. 

Prostate  Tissue  Androgen  Levels 

The  primary  end  point  was  whether  addition  of  SRD5A  and 
CYP17A  inhibition  would  suppress  tissue  DHT  levels  below  that 
achieved  with  combined  androgen  blockade  using  an  LHRH  agonist 
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Fig  1.  CONSORT  diagram.  ZBD,  goserelin,  bicalutamide,  and  dutasteride;  ZBDK,  goserelin,  bicalutamide,  dutasteride,  and  ketoconazole;  ZD,  goserelin  and  dutasteride. 


and  bicalutamide  (ZB  group).  All  experimental  cohorts  achieved  the 
study  end  point,  with  DHT  levels  of —0.03  to  0.06  ng/g  (0.11  to  0.19 
nmol/L)  in  the  ZD,  ZBD,  and  ZBDK  groups  compared  with  0.92  ng/g 
(3.2  nmol/L)  in  the  control  ZB  group  (P  <  .05  for  all;  Fig  2A  and 
Table  2). 

Consistent  with  the  effect  of  SRD5A  inhibition,  prostate  tissue 
testosterone  levels  in  all  dutasteride-containing  cohorts  (0.24  to  0.33 
ng/g;  0.8  to  1.1  nmol/L)  were  higher  than  those  in  men  treated  with 
combined  blockade  alone  (0.07  ng/g;  0.25  nmol/L,  Fig  2B  and  Table 
2),  even  in  the  cohort  (ZBDK)  receiving  the  CYP17A  inhibitor  keto¬ 
conazole.  Levels  were  numerically  but  not  statistically  higher  than 
those  in  untreated  patients  (0.26  ng/g)  and  were  an  order  of  magni¬ 


tude  lower  than  those  previously  reported  in  eugonadal  men  treated 
with  3.5  mg  of  dutasteride.16  Similar  to  the  changes  observed  for 
testosterone,  AED  levels  were  significantly  higher  in  tissues  from 
dutasteride-treated  ZD  and  ZBD  patients  ( 1 .94  to  2.58  ng/g  v  0.70  ng/g 
in  ZB,  Fig  2C  and  Table  2).  The  increase  in  AED  in  the  ketoconazole 
containing  arm  (1.61  ng/g)  trended  toward  significance  (P  =  .104), 
suggesting  that  CYP17A  inhibition  attenuated  AED  synthesis.  Tissue 
DHEA  levels  in  the  dutasteride  containing  arms  were  not  statistically 
different  from  each  other  (Fig  2D,  Table  2).  The  ZBD  and  ZBDK 
groups  did  show  a  trend  toward  a  statistically  significant  decrease  in 
prostate  DHEA  levels  when  compared  with  the  standard  combined 
blockade  arm  (ZB). 


Table  1.  Baseline  Clinical  Characteristics  of  Control  and  Study  Patients 


Untreated  Patients 
(n  =  11) 

Control  Patients 
(ZB,  n  =  8)* 

Study  Patients 

Characteristic 

ZD  (n  =  12) 

ZBD  (n  =  10)t 

ZBDK  (n  =  13) 

Median  age,  years  (range,  41-82  years) 

59 

61 

62 

66 

60 

Clinical  staging  and  Gleason  score 

cTIc 

6 

1 

3 

2 

5 

cT2a/b 

4 

5 

5 

6 

7 

cT2c/T3 

1 

1 

4 

2 

1 

7/8-10 

8/1 

1/5 

6/6 

9/3 

12/1 

PSA  characteristics 

Median  PSA 

4.7 

6.8 

11.9 

5.8 

7.9 

<  1 0/1 0-20/>  20 

10/10 

4/12 

4/4/4 

8/1/1 

10/1/2 

Abbreviations:  PSA,  prostate-specific  antigen;  ZB,  goserelin  and  bicalutamide;  ZBD,  goserelin,  bicalutamide,  and  dutasteride;  ZBDK,  goserelin,  bicalutamide, 
dutasteride,  and  ketoconazole;  ZD,  goserelin  and  dutasteride. 

*Two  patients  in  this  group  underwent  end-of-study  biopsy  instead  of  prostatectomy  (one  withdrew,  one  had  radiation  therapy). 
tOne  patient  in  this  group  underwent  end-of-study  biopsy  instead  of  prostatectomy  (because  of  diagnosis  of  lung  cancer). 
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Fig  2.  Prostate  androgen  levels  after  3  months  of  multitargeted  neoadjuvant  androgen  suppression.  Tissue  androgens  from  prostatectomy  specimens  after  no 
treatment  (No  Rx),  or  3  months  of  combined  androgen  blockade  with  a  luteinizing  hormone-releasing  hormone  agonist  (goserelin)  and  bicalutamide  (ZB);  goserelin 
combined  with  the  SRD5A  inhibitor,  dutasteride  (ZD);  goserelin  combined  with  bicalutamide  and  dutasteride  (ZBD);  and  all  three  of  these  agents  combined  with  the 
CYP1 7A  inhibitor,  ketoconazole  (ZBDK).  Levels  of  (A)  dehydrotestosterone  (DHT),  (B)  testosterone,  (C)  androstenedione  (AED),  and  (D)  dehydroepiandrosterone  (DHEA) 
were  measured  by  mass  spectroscopy.  The  difference  in  tissue  androgen  levels  between  each  treatment  cohort  and  the  control  (ZB)  group  was  evaluated  by  linear 
regression.  Statistically  significant  P  values  (P  <  .05)  or  those  trending  toward  significance  (P  <  .10)  are  presented  in  italics  below  the  relevant  treatment  group. 
Absolute  values  of  the  mean  and  standard  deviations  are  presented  in  Table  2.  (E)  Residual  prostate  testosterone  levels  are  shown  on  an  expanded  x-axis 
(corresponding  to  the  region  denoted  with  a  dark  vertical  bar  in  panel  B).  (*)  P<  .05.  (t)  P<  .005. 


To  better  approximate  residual  androgen  activity  in  the  pros¬ 
tate,  we  evaluated  an  androgen  index  designed  to  reflect  the  com¬ 
bined  ligand  activity  of  testosterone  and  DHT.  Although  both 
testosterone  and  DHT  are  high-affinity  ligands  for  the  AR,  DHT 
has  three-  to  five-fold  higher  potency  relative  to  testosterone.17 
Therefore,  we  estimated  the  androgen  index  as  the  sum  of  (5  X 
DHT)  +  (1  X  testosterone  concentration)  for  each  cohort  (Table 
2).  Notably,  the  combined  activity  of  residual  testosterone  and 
DHT  levels  in  the  prostate  remain  at  concentrations  capable  of 
activating  the  AR,  which  has  been  reported  to  occur  in  vitro  at 


DHT  concentrations  as  low  as  10  to  14  mol/L  in  the  setting  of 
prolonged  androgen  deprivation.18 

Serum  Androgen  Levels 

All  treatment  arms  achieved  castrate  (<  50  ng/dL)  levels  of  serum 
testosterone  (range,  9.4  to  27.2  ng/dL;  Appendix  Table  Al,  online 
only).  We  evaluated  the  paired  data  from  the  pre  and  post- treatment 
samples  in  each  cohort  and  computed  percentage  change  as  a  more 
accurate  indicator  of  treatment  effect.  The  magnitude  of  decline  in 
serum  DHT  levels  was  significantly  higher  in  patients  treated  with 
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Table  2.  Post-Treatment  (RP)  Prostate  Tissue  Androgen  Levels 


DHT  (ng/g)  Testosterone  (ng/g)  AED  (ng/g)  DHEA  (ng/g)  Androgen 

-  -  -  -  Index* 


Treatment  Category 

Mean 

SD 

nM 

Mean 

SD 

nM 

Mean 

SD 

Mean 

SD 

(nM) 

No  treatment 

4.38 

0.99 

15.2 

0.26 

0.17 

0.73 

0.26 

0.17 

28.2 

21.8 

76 

ZB 

0.92 

0.49 

3.20 

0.07 

0.08 

0.25 

0.70 

0.41 

33.5 

14.2 

16.3 

ZD 

P  (adjusted  vZB) 

0.03 

0.01 

<  .001 

0.12 

0.32 

0.17 

<  .001 

1.11 

1.94 

.025 

1.38 

30.8 

NS 

17.2 

1.7 

ZBD 

P  (adjusted  vZB) 

0.06 

0.06 

<  .001 

0.19 

0.33 

0.23 

<  .001 

1.13 

2.58 

.002 

1.27 

17.5 

.056 

13.9 

2.1 

ZBDK 

P  (adjusted  vZB) 

0.03 

0.02 

<  .001 

0.11 

0.24 

0.13 

.0017 

0.82 

1.61 

.104 

1.04 

19.0 

.091 

15.1 

1.4 

Abbreviations:  AED,  androstenedione;  DHEA,  dehydroepiandrosterone;  DHT,  dihydrotestosterone;  NS,  not  significant;  RP,  radical  prostatectomy;  SD,  standard 
deviation;  ZB,  goserelin  and  bicalutamide;  ZBD,  goserelin,  bicalutamide,  and  dutasteride;  ZBDK,  goserelin,  bicalutamide,  dutasteride,  and  ketoconazole;  ZD,  goserelin 
and  dutasteride. 

*Androgen  index  is  calculated  as  the  sum  of  (5  x  dihydrotestosterone  concentration)  +  (1  x  testosterone  concentration). 


dutasteride  as  compared  with  the  percentage  change  from  baseline  in 
the  control  group  (ZD,  -88%;  P  =  .003;  ZBD,  -86%;  P  =  .007; 
ZBDK,  —83%;  P  =  .049;  v  ZB,  -68%;  Fig  3A,  Appendix  Table  Al). 
Notably,  the  decreases  in  circulating  testosterone,  DHEA-S,  and  an- 
drosterone  (a  metabolite  downstream  of  DHEA  and  AED)  in  the 
ZBDK  cohort  were  greater  than  the  declines  observed  in  these  andro¬ 
gens  in  the  control  arm,  suggesting  an  effect  of  ketoconazole  ( — 97%  v 
—92%,  P  =  .055  for  testosterone;  —67%  v  —12%  for  DHEA-S,  P  = 
.007;  and  —  81%  v  —2%,  P  <  .001  for  androsterone;  Figures  3B,  3C, 
and  3D). 


Prostate  Androgen  Receptor  Program  Activity 

To  determine  the  effect  of  multitargeted  AR  pathway  suppres¬ 
sion  on  AR  signaling,  we  evaluated  prostate  epithelial  expression  of  AR 
and  the  androgen-regulated  gene  product,  PSA,  and  TMPRSS2  by 
IHC  (Fig  4).  Consistent  differences  in  expression  among  the  three 
study  arms  were  not  observed  (not  shown);  therefore,  results  from 
these  cohorts  were  grouped  and  compared  with  tissues  from  un¬ 
treated  men  and  those  receiving  standard  combined  blockade  (ZB). 

Compared  with  untreated  tissues,  intense  nuclear  AR  expres¬ 
sion  in  benign  prostate  epithelium  was  markedly  lower  in  the  ZB 


Fig  3.  Change  in  serum  androgen  levels  after  3  months  of  multitargeted  neoadjuvant  androgen  suppression.  The  percentage  change  in  androgen  levels  from  baseline 
are  depicted  for  each  treatment  group  after  3  months  of  combined  androgen  blockade  with  goserelin  and  bicalutamide  (ZB),  goserelin  and  dutasteride  (ZD),  goserelin 
with  bicalutamide  and  dutasteride  (ZBD),  and  all  three  agents  combined  with  ketoconazole  (ZBDK).  Levels  of  (A)  dehydrotestosterone  (DHT),  (B)  testosterone,  (C) 
dehydroepiandrosterone  sulfate  (DHEA-S),  and  (D)  androsterone  were  measured  by  mass  spectroscopy  in  serum  samples  obtained  before  starting  treatment  and  on 
the  morning  of  prostatectomy.  Differences  between  each  treatment  cohort  and  the  control  (ZB)  group  were  evaluated  by  linear  regression.  Statistically  significant  P 
values  (P  <  .05)  or  those  trending  toward  significance  (P  <  .10)  are  presented  in  italics  below  the  relevant  treatment  group.  No  comparisons  for  DHEA  or 
androstenedione  were  significant  (data  not  shown). 
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Fig  4.  Immunohistochemical  expression  of  androgen  receptor  (AR)  and  androgen-regulated  genes  after  3  months  of  multitargeted  neoadjuvant  androgen  suppression. 
A  tissue  microarray  comprising  cores  of  benign  and  cancer  tissue  from  each  patient  was  analyzed  for  (A,  B)  nuclear  expression  of  AR,  and  (C,  D)  cytoplasmic  expression 
of  prostate-specific  antigen  (PSA)  and  (E,  F)  TMPRSS2.  Immunostaining  was  scored  separately  in  benign  (A,  C,  E)  and  cancer  glands  (B,  D,  F)  using  a  compositional 
method  based  on  the  percentage  of  cells  at  each  intensity  level  (0  for  none,  1  for  faint,  and  2  for  intense).  The  stacked  bar  graphs  represent  the  proportion  of  cores 
in  each  treatment  group  that  stain  at  the  indicated  intensity  level  (light  gray,  none;  medium  gray,  faint;  dark  gray,  intense).  Differences  between  the  indicated  cohort 
and  the  untreated  tissues  were  evaluated  by  unpaired  t  tests  with  Welch's  correction.  Statistically  significant  P  values  (P  <  .05)  are  presented  in  italics  below  the 
relevant  treatment  group.  Rx,  treatment;  ZB,  goserelin  and  bicalutamide;  ZBD,  goserelin,  bicalutamide,  and  dutasteride;  ZBDK,  goserelin,  bicalutamide,  dutasteride,  and 
ketoconazole;  ZD,  goserelin  and  dutasteride. 


and  combined  (ZD,  ZBD,  and  ZBDK)  study  cohorts  (Fig  4A; 
Appendix  Table  A2,  online  only).  A  trend  for  lower  AR  expression 
in  the  combined  dutasteride  cohorts  compared  with  the  ZB  group 
was  observed,  but  was  not  statistically  significant.  Although  sup¬ 
pressed  compared  with  untreated  tissue,  intense  nuclear  AR  stain¬ 
ing  remained  in  the  neoplastic  epithelium  of  treated  cohorts  and 
was  essentially  identical  in  the  ZB  and  the  combined  dutasteride 
arms  (89%  in  untreated  tissue  compared  with  62%  [ZB,  P  =  .15] 
and  64%  [ZD/ZBD/ZBDK,  P  =  .01]).  The  less  significant  P  value 
for  the  ZB  group  likely  reflects  lower  power  as  a  result  of  fewer 
patients  in  the  ZB  subset  compared  with  the  grouped  ZD/ZBD/ 
ZBDK  treatment  arm. 

Compared  with  untreated  tissues,  cytoplasmic  expression  of  the 
AR-regulated  gene  products  PSA  and  TMPRSS2  was  substantially 
lower  in  benign  prostate  epithelium  of  both  control  ZB  and  combined 


dutasteride  cohorts  (Figs  4B  and  4C;  Appendix  Table  A2).  Paralleling 
the  changes  in  nuclear  AR  expression,  PSA  and  TMPRSS2  staining  in 
neoplastic  glands  was  higher  than  in  benign  glands  and  expression  was 
similar  in  both  the  ZB  and  ZD/ZBD/ZBDK  groups. 

PSA  Nadir  and  Pathologic  Outcomes 

The  median  tumor  volume  at  prostatectomy  was  lower  in  the 
ZBDK  cohort,  although  the  difference  did  not  reach  statistical  signif¬ 
icance  (Fig  5A;  Appendix  Table  A3,  online  only).  The  heterogeneity 
between  cohorts  and  small  numbers  of  patients  compromise  the  abil¬ 
ity  to  draw  conclusions  regarding  clinical  efficacy.  There  was  one 
pathologic  complete  response  in  each  of  the  ZBD  and  ZBDK  cohorts, 
and  nine  (26%)  of  34  patients  in  the  combined  study  cohorts  had 
small-volume  residual  disease,  defined  as  tumor  volume  0.2  cm3  or 
less.19  In  prior  studies,  achieving  a  nadir  PSA  below  0.2  ng/mL  in 
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Fig  5.  Distribution  of  tumor  volume  and  prostate-specific  antigen  (PSA)  nadir  by  treatment  group.  Tumor  volume  at  (A)  prostatectomy  and  (B)  nadir  PSA  are  depicted 
for  each  treatment  group  after  3  months  of  combined  androgen  blockade  with  goserelin  and  bicalutamide  (ZB),  goserelin  and  dutasteride  (ZD),  goserelin  with 
bicalutamide  and  dutasteride  (ZBD),  and  all  three  agents  combined  with  ketoconazole  (ZBDK).  Dotted  lines  represent  near  complete  response  less  than  0.2  cm3  (A) 
and  nadir  PSA  less  than  0.2  ng/dL  (B).  P  values  for  differences  in  treatment  groups  were  assessed  by  two-sample  tests  of  proportions. 


response  to  androgen  suppression  was  associated  with  improved  clin¬ 
ical  stage  and  tumor  volume  at  prostatectomy  and  better  survival  in 
patients  with  relapsed  disease7,14,15  and  is  presumed  to  be  related  to 
nadir  PSA  reflecting  greater  tumor  sensitivity  to  ADT.  Fewer  patients 
in  the  ZD  group  had  nadir  PSA  less  than  0.2  compared  with  the  ZBD 
and  ZBDK  groups,  (four  oflOvlOoflO  and  10  of  12,  respectively,  P  = 
.01  andP  =  .10;  Fig  5B). 

Notably,  dichotomizing  patients  based  on  nadir  PSA  less  than  or  > 
0.2  ng/mL  demonstrated  trends  toward  significantly  lower  serum  testos¬ 
terone,  DHEA,  and  AED  in  patients  with  nadir  PSA  less  than  0.2  ng/mL 
(Appendix  Fig  A1A,  online  only).  The  expression  of  AR,  PSA,  and  TM- 
PRSS2  in  benign  prostate  epithelium  was  significantly  lower  in  patients 
with  PSA  nadir  less  than  0.2  ng/mL;  in  contrast,  expression  of  AR,  PSA, 
and  TMPRSS2  in  cancer  cells  was  identical  regardless  of  serum  PSA  nadir 
(Appendix  Figs  A1B  and  A1C).  These  data  demonstrate  that  although 
changes  in  serum  PSA  clearly  associate  with  androgen-mediated  effects  in 
the  prostate,  these  do  not  indicate  cancer-associated  suppression  of 
androgen-mediated  gene  expression. 


DISCUSSION 


This  study  was  designed  to  determine  whether  intraprostatic  concentra¬ 
tions  of  testosterone  and  DHT  could  be  suppressed  below  the  levels 
achieved  through  standard  ADT  and  whether  improved  suppression  of 
androgens  and  AR  signaling  would  enhance  pathologic  responses.  We 
designed  the  study  in  2006  to  evaluate  combinations  of  clinically  available 
drugs  that  targeted  distinct  points  of  androgen  metabolism  or  action. 
Compared  with  the  group  treated  with  goserelin  and  bicalutamide,  the 
addition  of  dutasteride  or  dutasteride  and  ketoconazole  resulted  in  sub¬ 
stantially  lower  prostate  DHT  concentrations,  more  frequent  PSA  nadirs 
of  less  than  0.2,  and  more  frequent  pathologic  complete  (5.7%)  and 
near-complete  responses  (20%).  The  heterogeneity  of  the  treatment 
groups  makes  any  conclusions  regarding  clinical  response  rate  hypothesis 
generating,  rather  than  definitive.  The  surrogacy  of  pathologic  complete 
response  or  small-volume  residual  disease  after  neoadjuvant  therapy  has 
been  clearly  demonstrated  in  locally  advanced  breast  cancer.20"22  How¬ 


ever,  although  the  response  rates  observed  in  this  study  are  promising  and 
exceed  rates  reported  in  previous  neoadjuvant  trials  of  hormone  suppres¬ 
sion,  longer  follow-up  in  larger  cohorts  will  be  necessary  before  we  can 
establish  clinical  relevance  in  prostate  cancer. 

Despite  substantially  reducing  prostate  DHT  in  the  cohorts  re¬ 
ceiving  dutasteride  or  ketoconazole,  the  combined  activity  of  residual 
testosterone  and  DHT  levels  in  the  prostate  remain  at  concentrations 
capable  of  activating  the  AR  based  on  previous  measurements  studies 
using  in  vitro  assays.18  Although  the  absolute  prostate  or  serum  an¬ 
drogen  levels  were  not  lower  in  the  ZBDK  arm  compared  with  the  ZD 
or  ZBD  arms,  the  ZBDK  group  did  show  a  statistically  significant 
difference  in  the  percentage  decline  of  circulating  testosterone, 
DHEA-S,  and  androsterone  levels  (particularly  for  DHEA-S)  com¬ 
pared  with  the  declines  observed  in  the  standard  blockade  arm 
(ZB).  DHEA-S  is  the  primary  serum  reservoir  of  DHEA,  suggesting 
that  in  the  absence  of  a  CYP17A  inhibitor,  a  significant  depot  of 
serum  androgen  precursors  remain.  Despite  this  evidence  of  activ¬ 
ity  with  the  addition  of  a  CYP17A  inhibitor,  more  substantial 
suppression  of  upstream  precursors  will  be  critical  to  minimizing 
tissue  androgen  levels  and  overall  AR  activation.  In  this  context, 
the  agents  tested  in  this  study  should  not  be  considered  part  of 
standard  clinical  practice. 

Consistent  with  the  mechanism  of  SRD5A  inhibition,  prostate  tissue 
testosterone  levels  in  all  three  dutasteride-containing  cohorts  were  statis¬ 
tically  higher  than  in  men  treated  with  combined  blockade  alone,  even  in 
the  cohort  receiving  the  CYP17A  inhibitor  ketoconazole.  Similarly,  AED 
levels  were  also  significantly  higher  in  tissues  from  dutasteride-treated 
patients.  As  AED  is  directly  interconverted  with  testosterone,  this  may 
reflect  metabolism  of  elevated  testosterone  to  AED  by  HSD17B2.  Alter¬ 
natively,  this  could  also  be  explained  if  AKR1C3  (mediating  conversion  of 
AED  to  testosterone)  is  rate-limiting,  especially  because  AED  is  higher 
than  testosterone.  These  data  emphasize  that  androgen  suppression  strat¬ 
egies  using  SRD5A  inhibition  will  require  concomitant  suppression  of 
upstream  androgen  synthesis. 

Notably,  although  the  expression  of  AR,  PSA,  and  TMPRSS2  was 
reduced  in  benign  prostate  epithelium  and  was  significantly  lower  in 
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patients  with  PSA  nadir  less  than  0.2  ng/m,  the  expression  of  these 
genes  was  readily  detectable  in  cancer  cells  and  showed  no  association 
with  serum  PSA  nadir.  These  data  suggest  that  changes  in  serum  PSA 
clearly  represent  androgen-mediated  effects.  However,  these  most 
likely  reflect  the  impact  of  suppressing  androgen-mediated  PSA  secre¬ 
tion  from  benign  prostate  tissue  and  do  not  necessarily  indicate 
cancer-associated  suppression  of  androgen-mediated  gene  expres¬ 
sion,  PSA  secretion,  or  tumor  regression. 

Important  questions  for  future  studies  concern  the  variability  in 
responses.  Why  a  subset  of  patients  had  complete  or  near-complete 
tumor  eradication,  whereas  substantial  residual  tumor  volumes  were 
found  in  others,  remains  to  be  determined.  These  tumors  may  survive 
androgen  inhibition  through  mechanisms  that  include  increased  ex¬ 
pression  of  AR  or  AR  splice  variants,  the  activity  of  androgen  synthetic 
enzymes  such  as  CYP17A  or  SRD5A,  or  through  alternative  signal 
transduction  pathways.23"30 

The  AR  fulfills  an  important  criteria  defining  a  lineage- survival 
oncogene — a  master  cell-type  regulator  on  which  neoplastic  cells  de¬ 
rived  from  prostate  epithelium  are  dependent.31  This  study  provides  a 
template  for  evaluating  the  mechanisms  underlying  the  efficacy  of  AR 
pathway-directed  therapeutics.  Through  direct  tissue  assessments, 
our  results  indicate  that  treatment  failure  is  likely  still  occurring  via 
ineffective  and  incomplete  AR  pathway  suppression.  The  neoadjuvant 
approach  provides  opportunities  to  rigorously  test  the  hypothesis  that 
extinguishing  AR  signaling — either  through  further  ligand  reduction 
and/or  more  effective  direct  AR  targeting — will  produce  high  rates  of 
pathologic  complete  responses.  Combining  effective  androgen  syn¬ 
thesis  inhibitors  such  as  abiraterone  with  more  potent  AR  antagonists 
such  as  enzalutamide  is  a  reasonable  strategy  for  assessing  whether 
highly  active  antiandrogen  therapy  is  an  effective  treatment  strategy.32 
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GLOSSARY  TERMS 


androgen  receptor:  A  DNA-binding  and  hormone-activated 
transcription  factor  important  to  the  development  and  progres¬ 
sion  of  prostate  cancer.  Its  primary  ligand  is  dihydrotestosterone. 
In  later-stage  (castration-resistant)  prostate  cancer,  oncogenic 
alterations  such  as  androgen  receptor  overexpression  allow  the 
androgen  receptor  to  continue  signaling  despite  undetectable,  or 
castrate,  levels  of  serum  testosterone. 


PSA  (prostate-specific  antigen):  A  protein  produced  by  cells  of 
the  prostate  gland,  the  blood  level  of  PSA  is  used  as  a  tumor  marker  for 
men  who  may  be  suspected  of  having  prostate  cancer.  Most  physicians 
consider  0  to  4.0  ng/mL  as  the  normal  range.  Levels  of  4  to  10  and  10  to 
20  ng/mL  are  considered  slightly  and  moderately  elevated,  respectively. 
PSA  levels  have  to  be  complemented  with  other  tests  to  make  a  firm 
diagnosis  of  prostate  cancer. 
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Appendix 


Table  Al.  Absolute  Values  and  Mean  Percentage  Change  in  Post-Treatment  Serum  Androgen  Levels 


Treatment  Category 

DHT  (ng/dL) 

Testosterone 

(ng/dL) 

AED  (ng/dL) 

DHEA  (ng/dL) 

DHEA-S  (pg/dL) 

Androsterone 

(ng/dL) 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

No  treatment 

34.1 

13.8 

368 

112 

85.1 

27.8 

368 

155 

132.6 

112.5 

16.4 

12.6 

ZB,  post-treatment 

6.9 

3.1 

17.9 

10.4 

93.7 

68.9 

428 

255 

68.6 

40.1 

9.5 

9.1 

%  change  versus  baseline 

-68 

12 

-92 

5 

16 

41 

16 

22 

-12 

3 

-2 

42 

ZD,  post-treatment 

4.2 

3.4 

27.2 

24.4 

106 

81.3 

446 

284 

191.8 

50.8 

6.8 

6.8 

%  change  versus  baseline 

-88 

8 

-93 

5 

3 

76 

0 

57 

-16 

19 

-48 

59 

P  (adjusted  vZB) 

.0027 

NS 

NS 

NS 

NS 

NS 

ZBD,  post-treatment 

3.6 

2.0 

13.4 

4.3 

66.8 

33.7 

272 

205 

53.3 

55.7 

7.6 

7.1 

%  change  versus  baseline 

-86 

9 

-95 

2 

-2 

77 

5 

82 

-40 

23 

-46 

53 

P  (adjusted  vZB) 

.0067 

NS 

NS 

NS 

NS 

.005 

ZBDK,  post-treatment 

5.7 

4.9 

9.4 

6.2 

93.8 

91.6 

315 

256 

40.6 

44.3 

2.9 

2.3 

%  change  versus  baseline 

-83 

15 

-97 

0.03 

29 

1.28 

-7 

77 

-67 

31 

-81 

15 

P  (adjusted  vZB) 

.0492 

.055 

NS 

NS 

<  .001 

<  .001 

Abbreviations:  AED,  androstenedione;  DHEA,  dehydroepiandrosterone;  DHEA-S,  DHEA  sulfate;  DHT,  dihydrotestosterone;  NS,  not  significant;  SD,  standard 
deviation;  ZB,  goserelin  and  bicalutamide;  ZBD,  goserelin,  bicalutamide,  and  dutasteride;  ZBDK,  goserelin,  bicalutamide,  dutasteride,  and  ketoconazole;  ZD,  goserelin 
and  dutasteride. 


Table  A2.  Percentage  of  Tissue  With  High-Intensity  IHC  Expression  of  AR  and  Androgen-Regulated  Genes  in  Benign  and  Malignant  Prostate  Epithelial  Glands 


Benign  Prostate  Epithelium  Malignant  Prostate  Epithelium 


Variable 

No  Treatment  (%) 

ZB  (%) 

ZD,  ZBD,  ZBDK  (%) 

No  Treatment  (%) 

ZB  (%) 

ZD,  ZBD,  ZBDK  (%) 

AR* 

81 

47 

32 

89 

62 

64 

P  v  no  Rxt 

.02 

<  .01 

.15 

<  .01 

PSA* 

99 

49 

42 

97 

65 

74 

P  v  no  Rxt 

.02 

<  .01 

.14 

<  .01 

TMPRSS2* 

50 

17 

6 

68 

34 

39 

P  v  no  Rxt 

.13 

<  .01 

.09 

.04 

Abbreviations:  AR,  androgen  receptor;  IHC,  immunohistochemistry;  PSA,  prostate-specific  antigen;  Rx,  treatment;  ZB,  goserelin  and  bicalutamide;  ZBD,  goserelin, 
bicalutamide,  and  dutasteride;  ZBDK,  goserelin,  bicalutamide,  dutasteride,  and  ketoconazole;  ZD,  goserelin  and  dutasteride. 

*AR,  nuclear;  PSA  and  TMPRSS2,  cytoplasmic. 
tPfrom  Welch's  two  sample  t  tests. 


©  2013  by  American  Society  of  Clinical  Oncology  Journal  of  Clinical  Oncology 

Information  downloaded  from  jco.ascopubs.org  and  provided  by  at  Arnold  Library  -  Fred  Hutchinson  Cancer  Research 
Copyright  ©  2OC5^rA^ffijrncMmSxbicS^ty20 K3H ifiriinmil  OMfcd)ia)9^3^5l2rights  reserved. 


Androgen  Pathway  Suppression  Before  Surgery 


Table  A3.  Post-Treatment  PSA  Nadir  and  Pathologic  Stage  at  Prostatectomy  in  Control  and  Study  Patients 

Study  Patients 

Characteristic  Untreated  Patients  (n  =  11)  Control  Patients,  ZB  (n  =  8)*  ZD  (n  =  12)  ZBD  (n  =  10)t  ZBDK  (n  =  13) 


Nadir  PSA  <  0.2  NA 


No. 

% 

5/7 

85 

4/10 

40 

10/10 

100 

10/12 

83 

Pathologic  staging 

pT2 

10 

3 

5 

6 

10 

pT3  a/b 

1 

1/1 

1/3 

2/1 

1/1 

Tumor  volume,  n 

6/6 

10/11 

10/12 

13/13 

Mean 

1.9 

1.8 

5.8 

2.7 

0.9 

Median 

1.6 

0.8 

2.2 

0.8 

0.5 

Pathologic  response 

Complete  (CR) 

0 

0 

0 

1 

1 

Near  CR  (<  0.2  cm3) 

0 

0 

2 

2 

3 

Abbreviations:  CR,  complete  response;  PSA,  prostate-specific  antigen;  ZB,  goserelin  and  bicalutamide;  ZBD,  goserelin,  bicalutamide,  and  dutasteride;  ZBDK, 
goserelin,  bicalutamide,  dutasteride,  and  ketoconazole;  ZD,  goserelin  and  dutasteride. 

*Two  patients  in  this  group  underwent  end-of-study  biopsy  instead  of  prostatectomy  (one  withdrew,  one  had  radiation  treatment). 
tOne  patient  in  this  group  underwent  end-of-study  biopsy  instead  of  prostatectomy  (because  of  diagnosis  of  lung  cancer). 
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Fig  Al.  Prostatic  expression  of  androgen  receptor  (AR)  and  prostate-specific  antigen  (PSA)  after  3  months  of  multitargeted  neoadjuvant  androgen  suppression.  A 
tissue  microarray  comprising  six  cores  of  benign  and  cancer  tissue  from  each  patient  was  analyzed  (A)  for  nuclear  expression  of  AR  and  (B)  for  cytoplasmic  expression 
of  PSA  in  benign  and  malignant  prostate  epithelium.  Representative  examples  of  high-  and  low-intensity  staining  from  different  patients  in  the  untreated  and 
multitargeted  treatment  arms  are  shown  for  both  benign  and  cancer  cores.  ZBDK,  goserelin,  bicalutamide,  dutasteride,  and  ketoconazole  . 
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Fig  A2.  Association  of  prostate-specific  antigen  (PSA)  nadir  with  tumor  volume,  serum  androgens,  and  prostatic  immunohistochemistry  (IHC).  Nadir  PSA  values  were 
used  to  dichotomize  all  study  patients  into  those  with  PSA  nadir  less  than  or  more  than  0.2  ng/dL  to  evaluate  differences  in  (A)  tumor  volume,  (B)  serum  androgen  levels, 
and  prostate  IHC  expression  of  androgen  receptor  (AR),  PSA,  and  TMPRSS2  in  (C)  benign  and  (D)  cancer  tissue.  Differences  were  evaluated  by  linear  regression. 
Statistically  significant  P  values  (P  <  .05)  or  those  trending  toward  significance  (P  <  .10)  are  presented  in  italics  below  the  relevant  treatment  group.  AED, 
androstenedione;  DHEA,  dehydroepiandrosterone;  DHT,  dihydrotestosterone. 
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Abstract 

Purpose:  Mechanisms  mediating  androgen  receptor  (AR)  reactivation  in  prostate  cancer  that  progresses 
after  castration  (castration-resistant  prostate  cancer;  CRPC)  and  subsequent  treatment  with  abiraterone 
(CYP17A1  inhibitor  that  further  suppresses  androgen  synthesis)  remain  unclear. 

Experimental  Design:  Prostate  cancer  xenografts  were  examined  to  identify  mechanism  of  progression 
after  castration  and  abiraterone. 

Results:  AR  reactivation  in  abiraterone-resistant  VCaP  xenografts  was  not  associated  with  restoration  of 
intratumoral  androgens  or  alterations  in  AR  coregulators.  In  contrast,  mRNA  encoding  full-length  AR  (AR- 
FL)  and  a  constitutively  active  splice  variant  (AR-V7)  were  increased  compared  with  xenografts  before 
castration,  with  an  increase  in  AR-V7  relative  to  AR-FL.  This  shift  toward  AR-V7  was  due  to  a  feedback 
mechanism  whereby  the  androgen-liganded  AR  stimulates  expression  of  proteins  that  suppress  generation 
of  AR-V7  relative  to  AR-FL  transcripts.  However,  despite  the  increases  in  AR-V7  mRNA,  it  remained  a  minor 
transcript  (<1%)  relative  to  AR-FL  in  resistant  VCaP  xenografts  and  CRPC  clinical  samples.  AR-V7  protein 
expression  was  similarly  low  relative  to  AR-FL  in  castration-resistant  VCaP  xenografts  and  androgen- 
deprived  VCaP  cells,  but  the  weak  basal  AR  activity  in  these  latter  cells  was  further  repressed  by  AR-V7  siRNA. 

Conclusions:  AR-V7  at  these  low  levels  is  not  adequate  to  restore  AR  activity,  but  its  rapid  induction 
after  androgen  deprivation  allows  tumors  to  retain  basal  AR  activity  that  may  be  needed  for  survival  until 
more  potent  mechanisms  emerge  to  activate  AR.  Agents  targeting  AR  splice  variants  may  be  most 
effective  when  used  very  early  in  conjunction  with  therapies  targeting  the  AR  ligand-binding  domain. 
Clin  Cancer  Res;  20(6);  1590-600.  ©2014  AACR. 


Introduction 

Blockade  of  testicular  androgen  production  by  surgical  or 
medical  castration  (androgen  deprivation  therapy)  is  a 
standard  treatment  for  metastatic  prostate  cancer,  but 
tumors  invariably  relapse  and  progress  into  a  stage  termed 
castration-resistant  prostate  cancer  (CRPC).  One  mecha¬ 
nism  driving  these  resistant  tumors  is  intratumoral  synthe¬ 
sis  of  androgens  (testosterone  and  dihydrotestosterone, 
DHT)  from  precursor  steroids  produced  by  the  adrenal 
glands  or  de  novo  from  cholesterol  (1-6).  Synthesis  of  these 
precursor  steroids  is  dependent  on  the  enzyme  CYP17A1, 
and  a  specific  inhibitor  of  this  enzyme  (abiraterone)  was 
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recently  approved  for  treatment  of  CRPC,  but  most  men 
who  initially  respond  will  relapse  within  1  to  2  years  (6-9). 
These  relapses  are  generally  associated  with  increases  in 
serum  prostate-specific  antigen  (PSA),  suggesting  that 
androgen  receptor  (AR)  activity  has  again  been  restored. 
However,  the  mechanisms  mediating  this  AR  activity  and 
the  role  of  AR  in  resistance  to  CYP17A1  inhibitor  therapy 
remain  unclear  (1,  10,  11). 

The  human  VCaP  prostate  cancer  cell  xenograft  expresses 
the  androgen-regulated  TMPRSS2:ERG  fusion  gene  and  has 
been  used  as  a  model  for  progression  to  CRPC  after  castra¬ 
tion  (12,  13).  We  recently  reported  that  castration-resistant 
VCaP  xenografts  initially  respond  to  abiraterone,  but 
relapse  within  1  to  2  months  (2).  Consistent  with  findings 
in  patients,  these  abiraterone-relapsed  xenografts  expressed 
high  levels  of  several  AR-regulated  genes,  indicating  resto¬ 
ration  of  AR  transcriptional  activity.  These  relapsed  tumors 
also  had  increased  expression  of  CYP17A1  mRNA,  suggest¬ 
ing  restoration  of  androgen  synthesis  as  a  possible  resis¬ 
tance  mechanism  (2).  Recent  findings  in  other  xenograft 
models  have  similarly  suggested  that  androgen  synthesis 
may  mediate  resistance  in  some  cases  (10),  and  have  iden¬ 
tified  expression  of  alternatively  spliced  AR  isoforms  as 
another  potential  resistance  mechanism  (10,  14-20).  In 
this  study,  we  assess  the  contribution  of  intratumoral 
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Androgen  Repression  of  AR  Splice  Variant 


Translational  Relevance 

Previous  studies  have  indicated  that  restoration  of 
androgen  receptor  (AR)  transcriptional  activity  in  pros¬ 
tate  cancer  that  relapses  after  castration  (castration-resis¬ 
tant  prostate  cancer)  or  after  subsequent  therapy  with 
abiraterone,  aCYP17Al  inhibitor  that  further  suppresses 
androgen  synthesis,  may  be  mediated  by  abiraterone- 
resistant  intratumoral  androgen  synthesis  or  by  consti- 
tutively  active  AR  splice  variants  lacking  the  ligand¬ 
binding  domain  (LBD).  We  show  that  AR  reactivation 
in  abiraterone-resistant  VCaP  xenografts  is  not  associat¬ 
ed  with  restoration  of  intratumoral  androgens.  More¬ 
over,  we  find  that  increases  in  the  major  AR  splice  variant 
(AR-V7)  occur  rapidly  through  a  feedback  mechanism 
and  can  mediate  low-basal  AR  activity  immediately  after 
androgen  deprivation,  but  cannot  mediate  the  high-level 
AR  activity  in  relapsed  tumors.  These  results  indicate  that 
agents  targeting  AR  splice  variants  may  be  most  effective 
when  used  very  early  in  conjunction  with  therapies 
targeting  the  AR  LBD  before  the  emergence  of  additional 
resistance  mechanisms. 


androgen  synthesis  versus  alternative  mechanisms,  includ¬ 
ing  expression  of  alternatively  spliced  AR  isoforms,  in 
progression  to  abiraterone  resistance. 

Materials  and  Methods 

siRNA  and  transfection  analysis 

The  siRNAs  specific  for  full-length  AR  (AR-FL;  siExon  7, 
siEX7)  and  for  AR-V7  (siCryptic  Exon  3;  siCE3)  were 
described  previously  (17).  The  siRNA  targeting  AR  exon  1 
(siEXl)  was  described  previously  (21).  Transfection  of 
siRNA  was  performed  using  Lipofectamine  RNAiMax  (Invi- 
trogen)  in  OptiMEM  according  to  the  manufacturers  pro¬ 
tocol.  The  final  siRNA  concentration  was  20  nmol/L.  A 
scrambled  nontargeting  control  siRNA  (Qiagen)  was  used 
as  a  negative  control.  Sixteen  hours  later,  transfection  medi¬ 
um  was  replaced  with  medium  containing  5%  charcoal- 
dextran  stripped  serum.  Another  24  hours  later,  transfected 
cells  were  stimulated  with  DHT  at  10  nmol/L  or  vehicle 
(ethanol)  for  16  hours. 

Immunoblot  and  steroid  analyses 

Whole-cell  lysates  were  prepared  using  lysis  buffer  con¬ 
taining  2%  SDS  and  subjected  to  immunoblotting.  The 
antibodies  against  human  AR  (N20  and  Cl  9)  were  obtained 
from  Santa  Cruz  Biotechnology.  The  antibodies  against  AR- 
V7  were  from  Precision  Antibody.  Antibodies  against 
(3-actin  (AC- 15)  and  (3-tubulin  were  from  Millipore.  The 
results  from  a  minimum  of  three  experiments  were  sub¬ 
jected  to  densitometry  and  normalized  to  (3-actin  or  (3-tubu- 
lin  loading  control  and  the  mean  values  relative  to  control 
empty  vector  cells  (set  to  1.0)  are  given.  AR  immunoblot 
analyses  were  further  quantified  by  comparison  with  blots 
containing  serial  dilutions  of  AR  protein.  Steroid  extractions 


from  xenografts  and  mass  spectrometry  were  performed  as 
described  previously  (5). 

RNA  sequencing 

Total  cellular  RNA  was  extracted  and  purified  from  tissues 
using  the  RNeasy  Mini  Kit  (Qiagen).  One  microgram  of 
RNA  was  treated  with  DNase  in-solution  (Qiagen)  and 
purified  with  the  RNeasy  MinElute  Cleanup  Kit  (Qiagen). 
DNA-free  RNA  was  then  depleted  of  ribosomal  RNA  using 
the  Ribo-Zero  rRNA  Removal  Kit  (Epicentre).  The  remain¬ 
ing  fraction  of  RNA  was  prepared  into  an  indexed,  strand- 
specific  library  using  the  Script-Seq  v2  RNA-Seq  Library 
Preparation  Kit  (Epicentre),  pooled,  and  then  clustered  and 
sequenced  on  a  Hi-Seq  2000  (Illumina)  with  100-base 
paired-end  reads  (100  x  100)  and  seven  indexing  cycles. 
Demultiplexed  FASTQ  files  were  aligned  to  the  human 
genome  and  genetic  features  were  quantified  with  the  RNA 
sequencing  (RNA-seq)  Unified  Mapper  (http://www.ncbi. 
nlm.nih.gov/pmc/articles/PMC3 167048/).  Data  were  visu¬ 
alized  using  the  Integrative  Genome  Viewer  (22) .  Data  were 
submitted  (SRP019503). 

Reverse  transcriptase  PCR  analysis 

RNA  was  isolated  using  the  RNeasy  Mini  Kit  (Invitrogen) . 
Superscript  III  reverse  transcriptase  (Invitrogen)  was  used 
for  reverse  transcription  with  500  ng  RNA  in  the  presence  of 
100  ng  of  random  primers  (Invitrogen).  For  conventional 
PCR,  the  primers  for  AR-V7  were  described  previously  (17). 
Glyceraldehyde-3 -phosphate  dehydrogenase  ( GAPDH )  pri¬ 
mers  were  as  follows:  Forward:  5'-tcaccatcttccaggag-3', 
Reverse:  5'-gcttcaccaccttcttg-3'.  For  quantitative  reverse  tran¬ 
scriptase  PCR  (qRT-PCR),  the  AR-V7  TaqMan  primers  and 
probe  were  as  follows:  Forward:  5'-cggaaatgttatgaagcagg- 
gatga-3',  reverse:  5 ' - ctggtcattttgagatgcttgcaat- 3 ' ,  probe:  5'- 
FAM-ggagaaaaattccgggt-3'.  The  specific  TaqMan  primer 
probe  sets  for  AR-FL ,  PSA,  FKBP5,  TMPRSS2-ERG,  PLZF, 
and  GAPDH  were  as  described  previously  (2,  21).  KLK2  and 
NKX3.1  primer  and  probe  sets  were  purchased  from 
Applied  Biosystems.  qRT-PCR  was  performed  in  an 
ABI7900  thermal  cycler. 

Results 

Expression  of  AR-stimulated  genes  in  abiraterone- 
resistant  VCaP  xenografts 

We  previously  reported  a  castration-resistant  VCaP  xeno¬ 
graft  model  that  responds  initially  to  abiraterone  and  then 
relapses  after  approximately  6  weeks  of  abiraterone  treat¬ 
ment  (2,  12).  It  should  be  noted  that  the  abiraterone 
response  in  these  castration-resistant  xenografts  primarily 
reflects  blockade  of  de  novo  androgen  synthesis  by  intratu¬ 
moral  CYP17A1,  as  the  murine  adrenal  gland  does  not 
synthesize  the  substantial  levels  of  androgen  precursors  that 
are  produced  in  humans  and  are  hence  a  major  target  of 
CYP17A1  inhibitors  in  men  with  CRPC.  AR  activity,  based 
on  expression  of  a  small  panel  of  AR-regulated  genes,  was 
initially  markedly  repressed  by  abiraterone  and  seemed  to 
be  restored  in  these  abiraterone-resistant  xenografts.  To 
more  comprehensively  assess  AR  activity  in  these  xenografts, 
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Figure  1.  Expression  of  AR-stimulated  genes  and  androgen  synthesis  in  abiraterone-resistant  VCaP  xenografts.  A,  mice  bearing  recurrent  VCaP 
xenografts  were  treated  with  abiraterone  until  relapse  (0.5  mg/ml_  in  drinking  water  for  4-6  weeks).  RNA  extracted  from  four  sets  of  tumor  samples  pre- 
(pre-abi)  or  posttreatment  (Abi-resistant)  was  analyzed  by  microarray  (Affymetrix  HuGene  1 .0  ST).  Expression  of  12  androgen-stimulated  genes  is  shown  as 
heatmap  (red,  high  expression;  green,  low  expression).  B,  the  log2  ratio  for  expression  of  androgen-stimulated  genes  (>2-fold)  in  abiraterone-relapsed 
versus  pretreatment  xenograft  is  plotted  versus  their  fold  androgen  induction.  R2  is  presented  as  an  indication  of  the  correlation  between  androgen  induction 
and  change  induced  by  abiraterone  treatment,  and  showed  no  trend  toward  lower  expression  in  the  relapsed  tumors.  C,  expression  of  nine  genes 
involved  in  androgen  synthesis  is  shown  as  heatmap.  D,  DHT,  testosterone,  and  androstenedione  levels  in  six  sets  of  abiraterone-relapsed  VCaP  xenograft 
tumor  samples  versus  pretreatment  levels  in  tumor  biopsies  were  measured  using  mass  spectrometry.  Each  sample  was  measured  in  duplicate. 


we  used  Affymetrix  oligonucleotide  microarrays  to  compare 
expression  of  AR-regulated  genes  in  biopsies  from  CRPC 
xenografts  before  starting  abiraterone  and  at  relapse.  This 
analysis  showed  that  expression  of  multiple  well-recognized 
AR-stimulated  genes,  including  ERG  from  the  TMPRSS2: 
ERG  fusion  gene  and  the  recently  reported  AR  and  ERG- 
dependent  oncogene  SOX9  (23),  was  not  significantly 
higher  in  the  tumors  before  therapy  than  at  relapse,  sup¬ 
porting  the  conclusion  that  AR  transcriptional  activity  was 
restored  (Fig.  1A). 

To  more  systematically  identify  alterations  in  the  spec¬ 
trum  of  AR-regulated  genes,  we  also  examined  expression  of 
all  genes  shown  previously  to  be  induced  at  least  2-fold  by 
androgen  in  VCaP  cells  (21).  Figure  IB  shows  a  plot  of  their 
fold  induction  by  DHT  in  VCaP  cells  versus  the  ratio  of  their 
expression  in  the  xenografts  before  abiraterone  and  at 
relapse.  These  results  show  that  expression  of  androgen- 
stimulated  genes,  whether  they  are  weakly  or  strongly 
androgen  induced,  was  broadly  restored  in  the  abirater¬ 
one-relapsed  tumors,  with  no  significant  trend  toward 
lower  expression  in  the  relapsed  tumors. 


Androgen  synthesis  in  abiraterone-resistant  VCaP 
xenografts 

Consistent  with  our  previous  report,  expression  of 
CYP17A1  and  AKR1C3  were  increased  in  three  of  the  four 
abiraterone-relapsed  xenografts,  and  there  were  variable 
changes  in  other  androgen  synthetic  enzymes  (Fig.  1C).  To 
determine  whether  restoration  of  intratumoral  androgen 
synthesis  may  be  mediating  relapses,  we  performed  mass 
spectrometry  to  examine  intratumoral  androgens  in  biop¬ 
sies  from  these  xenografts  before  starting  abiraterone  and  at 
relapse.  Significantly,  we  could  readily  detect  DHT,  testos¬ 
terone,  and  androstenedione  in  the  relapsed  tumors.  How¬ 
ever,  in  all  cases  their  levels  were  markedly  lower  than  those 
in  biopsies  from  the  matched  tumors  before  starting  abir¬ 
aterone  treatment  (Fig.  ID).  These  findings  are  consistent 
with  recent  clinical  studies  showing  sustained  suppression 
of  testosterone  in  both  blood  and  bone  marrow  in  patients 
relapsing  after  abiraterone  treatment  (24).  Therefore, 
although  AR  activity  may  still  be  dependent  on  residual 
androgen  synthesis,  it  seemed  that  additional  mechanisms 
must  also  be  driving  AR  activity  at  low  androgen  levels. 
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Figure  2.  Genes  and  pathways  altered  in  abiraterone-relapsed  xenografts.  A  and  B,  heatmap  presentations  of  expression  of  top  30  most  consistently 
upregulated  genes  (A)  or  downregulated  genes  (B)  in  abiraterone-resistant  tumors.  Genes  shown  in  bold  and  red  in  (A)  were  shown  previously  to  be 
repressed  by  DHT  in  VCaP  cells.  C  and  D,  gene  ontology  analysis  on  1 81  upregulated  genes  (C)  or  1 32  downregulated  genes  (D;  P  <  0.05).  E,  expression  of  1 3 
androgen-suppressed  genes  shown  as  heatmap. 


Genes  and  pathways  altered  in  abiraterone-relapsed 
xenografts 

We  next  did  an  unbiased  analysis  and  identified  all  genes 
with  significant  (P  <  0.05)  changes  in  expression  in  the 
abiraterone-resistant  xenografts  versus  the  matched  pre¬ 
treatment  xenografts.  A  total  of  181  genes  were  upregulated 
in  abiraterone-resistant  tumors  and  132  genes  were  down¬ 
regulated  (Fig.  2A  and  B,  and  Supplementary  Table  SI). 
Amongst  the  30  most  upregulated  and  downregulated 
genes,  only  GATA2  has  been  shown  to  associate  with  AR 
and  may  contribute  to  enhancing  AR  activity,  and  we  did 
not  observe  consistent  increases  in  any  established  AR 
coactivator  proteins  or  decreases  in  AR  corepressors  (Fig. 
2A  and  B).  Gene  ontology  analysis  using  the  Database  for 
Annotation,  Visualization  and  Integrated  Discovery  system 


showed  only  weak  enrichment  for  genes  associated  with 
histone  acetylation  amongst  the  genes  that  were  upregu¬ 
lated  in  the  abiraterone-resistant  xenografts  (Fig.  2C).  In 
contrast,  the  downregulated  genes  were  most  strongly  asso¬ 
ciated  with  mitosis  (Fig.  2D).  This  latter  finding  indicated 
that  although  the  relapsed  tumors  were  growing,  the  abir- 
aterone  was  still  slowing  their  proliferative  rate  relative  to 
the  CRPC  tumors  before  starting  abiraterone. 

We  reported  previously  that  AR  functions  directly  as  a 
transcriptional  repressor  on  a  subset  of  genes,  including  the 
AR  gene  itself  and  multiple  genes  involved  in  nucleotide 
and  DNA  synthesis  (21).  Interestingly,  10  of  the  30  most 
upregulated  genes  in  the  abiraterone-resistant  xenografts 
were  genes  we  found  previously  to  be  AR  repressed  in  VCaP 
or  VCaP-derived  CRPC  cells  (Fig.  2A,  in  bold  and  colored 
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red).  Microarray  analyses  also  showed  increases  in  many 
additional  AR-repressed  genes  in  the  abiraterone-resistant 
xenografts  (Fig.  2E).  Taken  together,  these  findings  indicate 
that  the  transcriptional  activation  functions  of  AR  were 
largely  restored  in  these  abiraterone-resistant  xenografts, 
but  that  its  function  as  a  transcriptional  repressor  (which 
requires  somewhat  higher  androgen  levels)  was  dimin¬ 
ished.  As  the  predominant  functions  of  AR-repressed  genes 
are  related  to  nucleotide  and  DNA  synthesis  (21),  their 
increased  expression  maybe  contributing  to  proliferation  in 
the  abiraterone-relapsed  xenografts. 

Structural  alterations  in  AR  in  abiraterone-resistant 
xenografts 

VCaP  cells  have  an  amplified  AR  that  is  wild-type  (25), 
and  Sanger  sequencing  of  AR  from  the  abiraterone-relapsed 
xenografts  did  not  reveal  any  AR  mutations  (not  shown).  To 
identify  mutations  that  may  be  present  in  a  subset  of 
resistant  cells  or  in  only  one  of  the  amplified  AR  genes, 
and  therefore  present  in  a  minority  of  AR  transcripts,  we  also 
performed  RNA-seq  on  three  abiraterone-resistant  xeno¬ 
grafts.  However,  this  analysis  only  identified  AR  mutations 
at  low  frequencies  that  were  not  shared  amongst  the  xeno¬ 
grafts  and  were  of  unclear  functional  significance  (Supple¬ 
mentary  Table  S3;  RNA-seq  data  are  available  in  the  NCBI 
Sequence  Real  Archive:  SRPO 19503). 

Previous  studies  have  shown  that  AR  can  undergo  alter¬ 
native  splicing  from  exon  3  in  the  DNA-binding  domain 
(LBD)  to  cryptic  exons  in  intron  3  or  to  exon  8  (14-20). 
These  AR  isoforms  lack  the  carboxyl-terminal  (C-terminal) 
LBD  and  can  have  ligand-independent  constitutive  activity 
that  may  mediate  resistance  to  androgen  deprivation  ther¬ 
apy  and  to  AR  antagonists  that  target  the  LBD.  Using  RT- 
PCR  with  primer  sets  specific  for  AR-V 1  to  V7  and  VI 2  in  the 
VCaP  xenografts,  the  only  variant  we  could  consistently 
detect  was  AR-V7  (not  shown).  Consistent  with  this  result, 
using  paired-end  RNA-seq  in  three  abiraterone-resistant 
VCaP  xenografts,  the  only  AR  variant  we  detected  was 
AR-V7.  Relative  to  transcripts  containing  exon  3  spliced  to 
exon  4,  the  abundance  of  transcripts  containing  exon  3 
spliced  to  the  V7  cryptic  exon  was  1.0%  (1/99),  0.9%  (48/ 
5,323),  and  0.2%  (5/2,223). 

As  shown  in  Pig.  3A,  AR-V7  was  readily  detectable  and 
consistently  increased  in  the  abiraterone-resistant  xeno¬ 
grafts  relative  to  levels  in  biopsies  from  the  matched  CRPC 
xenografts  before  starting  abiraterone.  AR-PL  was  also 
increased,  but  the  increase  in  AR-V7  expression  seemed  to 
be  greater.  This  was  confirmed  by  qRT-PCR  for  AR-V7  versus 
AR-FL  in  the  pre-  and  postabiraterone-treated  tumors  (Fig. 
3B).  We  further  assessed  expression  of  AR-V7  and  AR-FL  in  a 
series  of  previously  described  VCaP  xenografts  that  were 
biopsied  before  castration  (androgen  dependent),  at  4  days 
postcastration,  or  at  relapse  after  castration  (12).  AR-V7 
expression  was  increased  at  4  days,  was  further  increased  in 
the  relapsed  castration-resistant  xenografts,  and  these  fold 
increases  in  AR-V7  were  greater  than  those  of  AR-PL  (Pig. 
3C).  As  summarized  in  Pig.  3D,  the  mean  increase  of  AR-V7 
expression  was  5 3 -fold  during  the  development  of  castra¬ 


tion  resistance,  whereas  AR-FL  was  increased  to  a  lesser 
extent  (10-fold).  Similarly,  AR-V7  was  increased  approxi¬ 
mately  3 -fold  in  abiraterone-resistant  xenografts  relative  to 
levels  in  castration-resistant  xenografts  before  abiraterone, 
whereas  AR-FL  was  less  increased  (1.4-fold). 

Androgen  preferentially  suppresses  expression  of 
AR-V7  versus  AR-FL 

We  reported  previously  that  AR  gene  transcription  is 
rapidly  repressed  by  the  androgen-liganded  AR  through  AR 
binding  to  a  site  in  intron  2  of  the  AR  gene  (21).  Therefore, 
we  next  addressed  whether  the  increase  in  AR-V7  may  reflect 
this  feedback  mechanism,  versus  selection  for  subpopula¬ 
tions  of  cells  expressing  higher  AR-V7.  Consistent  with  our 
previous  results,  VCaP  cells  cultured  in  steroid-depleted 
medium  expressed  high  levels  of  AR-FL  mRNA  that  were 
substantially  decreased  after  24  hours  treatment  with  DHT 
(Fig.  4A,  right).  AR-FL  mRNA  was  similarly  decreased  by 
DHT  in  VCS2  cells,  which  were  derived  from  a  castration- 
resistant  VCaP  xenograft  (2).  Significantly,  DHT  treatment 
caused  an  even  greater  decrease  in  the  levels  of  AR-V7  in 
both  the  VCaP  and  VCS2  cells  (~20-  and  ~80-fold  in  VCaP 
and  VCS2  cells,  respectively;  Fig.  4A,  left).  AR-V7  is  also 
expressed  in  high  passage  LNCaP  cells  (LN-HP)  and  in  the 
LNCaP-derived  C4-2  line.  Although  its  levels  are  lower  than 
in  VCaP,  DHT  in  both  of  these  lines  similarly  decreased  AR- 
V7  expression  to  a  greater  extent  than  AR-FL  (Fig.  4B). 

Examining  a  DHT  dose  response  in  VCaP  cells,  we  found 
that  AR-V7  was  decreased  by  approximately  80%  at  0.1 
nmol/L  DHT  versus  approximately  60%  for  AR-FL,  and  that 
AR-V7  was  further  markedly  decreased  by  >95%  at  1  to  10 
nmol/L  DHT  versus  approximately  80%  for  AR-FL  (Fig.  4C). 
To  confirm  that  the  effects  of  DHT  were  mediated  by  the  AR- 
FL,  we  used  an  siRNA  targeting  exon  7  (siEX7;  which  is  not 
present  in  AR-V7)  to  selectively  deplete  the  AR-FL.  As 
expected,  the  siEX7  markedly  decreased  AR-FL,  but  not 
AR-V7  (Fig.  4D).  Moreover,  depletion  of  the  AR-FL  by  siEX7 
prevented  the  DHT-mediated  decrease  in  AR-V7.  To  deter¬ 
mine  whether  DHT  may  be  preferentially  enhancing  deg¬ 
radation  of  the  AR-V7  transcript,  we  assessed  AR-V7  and  AR- 
FL  mRNA  levels  after  treatment  with  actinomycin  D  to  block 
new  mRNA  synthesis.  Consistent  with  our  previous  results 
(21),  DHT  did  not  increase  degradation  of  AR-FL  mRNA 
(Fig.  4E,  bottom).  Significantly,  DHT  similarly  did  not 
increase  degradation  of  the  AR-V7  transcript,  which  instead 
seemed  to  be  somewhat  more  stable  in  the  presence  of  DHT 
(Fig.  4E,  top).  These  results  indicate  that  increased  mRNA 
degradation  does  not  account  for  the  relative  decrease  in  AR- 
V7  versus  AR-FL  in  response  to  DHT. 

Interestingly,  examination  of  AR-FL  versus  AR-V7  tran¬ 
scripts  over  a  24-hour  time-course  showed  that  both 
declined  similarly  in  response  to  DHT  for  approximately  8 
hours,  and  that  there  was  further  loss  primarily  of  AR-V7 
between  8  to  24  hours  (Fig.  4F;  DHT+DMSO).  Treatment 
with  DHT  and  cycloheximide  (CHX),  which  blocks  new 
protein  synthesis,  abrogated  the  decline  in  AR-V7  at  24  hours 
(Fig.  4F;  DHT+CHX),  indicating  that  an  androgen-stimu¬ 
lated  increased  in  the  synthesis  of  one  or  more  proteins 
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Figure  3.  Structural  alterations  in  AR  in  abiraterone-resistant  xenografts.  A  and  B,  expression  of  AR-V7  transcripts  versus  AR-FL  in  a  series  of  VCaP  xenografts 
(1-4,  7,  8)  were  examined  using  semiquantitative  RT-PCR  (-1,  preabiraterone;  -2,  postabiraterone;  (A)  or  real-time  RT-PCR  (B).  C,  VCaP  xenografts 
were  established  and  biopsied  at  three  stages:  androgen-dependent  tumor  (AD),  4d  postcastration  (CS),  and  castration-resistant  relapsed  tumor 
(CR).  Expression  of  AR-V7  and  AR-FL  was  examined  in  four  sets  of  these  tumor  samples.  D,  fold-change  in  expression  of  AR-V7  and  AR-FL  in  different  stages 
of  xenograft  tumors  are  summarized. 


mediates  the  preferential  decline  in  AR-V7  versus  AR-FL 
mRNAs.  These  may  be  splicing  factors,  but  also  may  be 
proteins  that  enhance  RNA  II  polymerase  elongation  and 
thereby  prevent  stalling  and  premature  chain  termination  in 
intron  3 .  In  any  case,  our  overall  conclusion  from  these  data 
is  that  the  increased  expression  of  AR-V7  in  the  castration- 
resistant  and  abiraterone-resistant  xenografts  reflects  a  feed¬ 
back  mechanism  that  rapidly  increases  AR-V7  relative  to  AR- 
FL  at  low  androgen  levels,  rather  than  selective  pressure  for 
subsets  of  cells  expressing  higher  AR-V7. 

AR-V7  contribution  to  AR  activity  after  androgen 
deprivation 

AR-V7  has  been  detected  in  prostate  cancer  cell  lines  as 
well  as  in  clinical  samples,  and  higher  AR-V7  staining  has 
been  associated  with  progression  to  CRPC  (16-19,  26-28). 
Functional  analyses  based  on  ectopic  expression  demon¬ 
strated  that  AR-V7  is  constitutively  active  and  can  induce 
CRPC  growth  (16,  29).  However,  the  contribution  of 


endogenous  AR-V7,  which  seems  to  be  expressed  at  low 
levels  relative  to  AR-FL,  to  AR  activity  remains  to  be  clarified. 
As  noted  above,  despite  the  marked  increases  in  AR-V7 
mRNA  in  the  castration-resistant  VCaP  xenografts,  and 
further  increases  in  the  abiraterone-resistant  xenografts, 
RNA-seq  indicated  that  AR-V7  mRNA  in  the  abiraterone- 
resistant  xenografts  was  still  only  a  small  fraction  (<1%)  of 
total  AR  mRNA.  However,  as  AR-V7  protein  could  be  higher 
than  suggested  by  the  mRNA  levels,  we  next  assessed  AR-V7 
protein.  Immunoblotting  of  proteins  extracted  from  biop¬ 
sies  of  androgen-dependent  VCaP  xenografts  and  the 
matched  castration-resistant  VCaP  xenografts  showed  only 
a  very  minor  band  migrating  at  the  predicted  position  of  AR- 
V7,  consistent  with  the  low  mRNA  levels  (Fig.  5A).  Quan¬ 
titative  analysis  of  the  AR-V7  and  AR-FL  bands  indicated 
that  AR-V7  protein  was  expressed  at  approximately  1.0%  to 
1.5%  of  the  AR-FL  levels  in  castration-resistant  xenografts, 
which  was  at  least  10-fold  higher  than  the  AR-V7  to  AR-FL 
ratio  in  the  androgen-dependent  xenografts. 


www.aacrjournals.org 


Clin  Cancer  Res;  20(6)  March  15,  2014 


Downloaded  from  clincancerres.aacrjournals.org  on  March  31 , 2014.  ©  2014  American  Association  for  Cancer  Research. 


1595 


Published  OnlineFirst  January  21 , 2014;  DOI:  10.1 158/1 078-0432. CCR-1 3-1 863 


Yu  et  al. 


VCaP  VCS2 


1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 


VCaP  VCS2 
AR-FL 


T 


-  +  -  + 


AR-FL 


AR-V7 


Z  c 


|  g-  o.4i 
—  0 

&  0-2i 


0.1 


0  0.1  1  10 


10 


0.1 


10 


C4-2  LN-HP 


C4-2  LN-HP 


E 


ActD  Ohlh  2  h  3h4h  6h 


F 


Figure  4.  Androgen  preferentially  suppresses  expression  of  AR-V7  versus  AR-FL.  A,  VCaP  or  VCS2  cells  were  treated  with  1 0  nmol/L  DHT  or  vehicle  (ethanol) 
for  24  hours  and  mRNA  for  AR-V7  or  AR-FL  were  measured  using  qRT-PCR  (GAPDH  as  internal  normalization  control).  B,  C4-2  and  high-passage 
LNCaP  (LN-HP)  cells  were  androgen  deprived  for  3  or  10  days,  respectively,  before  being  treated  with  10  nmol/L  DHT  for  overnight.  RNA  samples  were 
subjected  to  qRT-PCR  for  AR-V7  and  AR-FL.  C,  VCaP  cells  were  treated  with  increasing  doses  of  DHT  (0-10  nmol/L)  for  24  hours.  RNA  samples 
were  subjected  to  qRT-PCR  for  AR-V7  and  AR-FL  expression,  and  the  levels  shown  are  normalized  to  the  levels  in  the  absence  of  added  DHT.  D,  VCaP  cells 
were  transfected  with  siRNA  against  exon  7  of  AR-FL  (siEX7)  for  48  hours  and  then  treated  with  0  to  10  nmol/L  DHT  for  24  hours.  RNA  samples  were 
subjected  to  qRT-PCR.  E  and  F,  VCaP  cells  were  pretreated  with/out  DHT  for  2  hours  followed  by  addition  of  actinomycin  D  (1 0  (imol/L)  for  0  to  6  hours  (E)  or 
cycloheximide  (10  (ig/mL)  for  0  to  24  hours  (F).  Note:  all  cells  were  androgen  starved  by  culturing  in  steroid-depleted  medium  before  treatments. 


Immunoblotting  of  VCaP  cells  cultured  in  vitro  in 
androgen-depleted  medium  similarly  showed  low  levels 
of  a  protein  that  migrated  at  the  predicted  position  of  AR- 
V7  (Fig.  5B).  Consistent  with  this  protein  being  AR-V7,  it 
was  not  detected  by  an  antibody  directed  against  the  AR 
C-terminus,  and  its  expression  was  markedly  decreased  by 
treatment  with  DHT  (Fig.  5B).  To  confirm  VCaP  expres¬ 
sion  of  AR-V7  protein,  VCaP  cells  in  androgen-depleted 
medium  were  treated  with  siCE3.  This  markedly 
decreased  the  faster  migrating  AR  band  without  decreas¬ 


ing  AR-FL  (Fig.  5B).  In  contrast,  both  the  AR-FL  and  AR- 
V7  bands  were  decreased  by  siEXl.  Linally,  immunoblot¬ 
ting  with  an  AR-V7-specific  antibody  further  supported 
the  conclusion  that  the  lower  AR  band  was  AR-V7  (fig. 
5B,  AR-V7).  The  AR-V7  and  AR-EL  bands  were  quantified 
and  AR-V7  versus  AR-FL  ratio  was  approximately  1.6%  in 
the  negative  control  siRNA  (siCtrl),  and  was  markedly 
decreased  by  addition  of  DHT  (siCtrl+DHT).  Overall 
these  results  indicate  that  AR-V7  protein,  although 
increased  after  androgen  deprivation,  is  still  expressed  at 
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Figure  5.  AR-V7  contributes  for  AR  activity  in  hormone  depleted  conditions.  A,  AR  protein  in  androgen-dependent  (AD)  or  castration-resistant  (CR)  VCaP 
xenograft  tumors  was  immunoblotted,  with  (3-tubulin  as  loading  control.  The  AR-V7  and  AR-FL  bands  were  quantified  using  NIH  ImageJ  software  in 
comparison  with  band  intensity  on  blots  with  serial  dilutions  of  AR,  and  values  were  further  normalized  to  (3-tubulin.  Ratios  of  AR-V7  versus  AR-FL  expression 
are  presented.  B,  VCaP  cells  were  transfected  with  siRNA  against  nontarget  control  (siCtrl),  siCE3,  or  siEXI  followed  with  treatment  of  DHT  or 
vehicle  for  24  hours,  and  lysates  were  then  immunoblotted  with  AR  N-  or  C-terminal  antibodies  or  an  AR-V7-specific  antibody.  (3-actin  and  (3-tubulin  were  used 
as  loading  control.  The  AR-V7  and  AR-FL  bands  were  quantified  as  in  A  and  presented  as  ratios  of  AR-V7  versus  AR-FL.  C,  effects  of  siCE3, 
siEX7  (siRNA  against  exon  7),  and  siEXI  (of  both  AR-FL  and  AR-V7)  on  a  panel  of  androgen-stimulated  genes  in  androgen-starved  VCaP  cells.  D,  androgen- 
deprived  VCaP  cells  were  transfected  with  siCtrl  or  siCE3  for  24  hours  and  then  treated  with  enzalutamide  (enza,  10  |nmol/L)  or  vehicle  (DMSO) 
for  overnight.  Si  Ctrl -transfected  VCaP  cells  treated  with  DHT  were  included  as  a  positive  control  for  AR  activation.  RNA  samples  were  subjected  to  qRT -PCR 
for  PSA,  PLZF,  KLK2,  and  GAPDH  (as  internal  control). 


low  levels  compared  with  AR-FL,  and  that  this  is  consis¬ 
tent  with  the  low  levels  of  AR-V7  mRNA. 

Culturing  VCaP  cells  in  steroid-depleted  medium 
markedly  reduces  their  AR  transcriptional  activity  compared 
with  androgen-stimulated  VCaP  cells,  but  they  still  retain 
basal  AR  activity  that  can  be  further  reduced  by  blocking  de 
novo  androgen  synthesis  with  abiraterone  or  other  agents 
(2).  To  assess  whether  AR-V7  contributes  to  this  basal  AR 
transcriptional  activity,  we  transfected  VCaP  cells  in  steroid 
depleted  with  siRNA  targeting  AR-V7  (siCE3).  Compared 
with  the  control  siRNA  (siCtrl),  depletion  of  AR-V7 
decreased  mRNA  for  a  series  of  AR-regulated  genes  by 
approximately  30%  (Fig.  5C,  left).  An  siRNA  targeting 
AR-FL  (siEX7)  decreased  these  AR-regulated  genes  to  a 
similar  degree  (Fig.  5C,  middle).  Expression  of  these  genes 
was  not  substantially  further  decreased  by  transfecting  the 
cells  with  an  siEXI  to  knockdown  both  AR-FL  and  AR-V7, 
which  may  reflect  an  inability  to  adequately  downregulate 
AR  in  a  subset  of  the  cells  (Fig.  5C,  right).  In  contrast,  when 
we  used  enzalutamide  to  block  activation  of  the  AR-FL  by 


residual  androgens,  we  found  that  expression  of  AR-regu¬ 
lated  genes  could  be  further  reduced  by  knockdown  of  AR- 
V7  (Fig.  5D) .  Taken  together  these  findings  indicate  that  the 
rapid  induction  of  AR-V7  protein,  although  still  expressed  at 
low  levels,  can  contribute  to  maintaining  a  low  basal  level  of 
AR  transcriptional  activity  immediately  after  androgen  dep¬ 
rivation  therapy.  However,  these  findings  further  indicate 
that  AR-V7  expressed  at  these  levels  is  not  a  major  contrib¬ 
utor  to  the  high-level  AR  activity  observed  in  castration- 
resistant  or  abiraterone-relapsed  tumors. 

AR-V7  mRNA  expression  in  CRPC  clinical  samples 

We  previously  analyzed  RNA  from  a  series  of  CRPC  bone 
marrow  metastases  and  showed  that  AR-regulated  genes 
were  highly  expressed,  although  their  levels  were  not  fully 
restored  to  those  in  primary  prostate  cancers  before  castra¬ 
tion  (6).  To  determine  the  potential  contribution  of  AR-V7 
to  this  AR  activity,  we  used  qRT-PCR  to  assess  expression  of 
AR-V7  and  AR-FL  in  these  clinical  samples  relative  to  VCaP 
cells.  Significantly,  AR-V7  mRNA  in  some  clinical  samples 
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Figure  6.  AR-V7  expression  in  CRPC  patient  samples.  Expression  of  AR- 
V7  and  AR-FL  were  assessed  by  qRT-PCR  in  20  CRPC  bone  marrow 
biopsy  tumor  samples,  with  GAPDH  coamplified  as  an  internal 
control.  The  levels  for  each  are  normalized  to  those  in  androgen-starved 
VCaP  cells  (VCaP  cells  treated  with  ethanol  vehicle  control). 

The  bottom  panel  shows  the  ratios  of  AR-V7  versus  AR-FL,  which  are 
similarly  normalized  to  the  ratio  in  androgen-starved  VCaP  cells. 

* ,  AR-FL  in  sample  28  was  1 7.0-fold  relative  to  androgen-deprived  VCaP 
cells;  **,  AR-V7  and  AR-FL  in  sample  49  were  14.0-  and 
860-fold,  respectively,  relative  to  those  in  the  androgen-deprived 
VCaP  cells. 

was  markedly  higher  than  in  androgen-deprived  VCaP  cells, 
suggesting  that  it  could  be  making  a  more  substantial 
contribution  to  AR  activity  in  some  tumors  (Fig.  6,  top;  all 
levels  are  normalized  to  the  level  in  androgen-deprived 
VCaP  cells).  However,  these  samples  also  had  correspond¬ 
ing  increases  in  AR-FL,  indicating  that  the  increase  in  AR-V7 
may  reflect  primarily  an  increase  in  overall  AR  gene  tran¬ 
scription  rather  than  a  marked  shift  in  splicing  toward  AR- 
V7  (Fig.  6,  bottom).  However,  it  should  be  noted  that  the 
therapies  in  these  patients  did  not  include  abiraterone, 
suggesting  that  substantial  intratumoral  androgens  may  be 
suppressing  generation  of  AR-V7,  and  that  ongoing  studies 
of  patients  relapsing  on  abiraterone  or  enzalutamide  may 
reveal  higher  levels  of  AR-V7  or  other  AR  splice  variants 
relative  to  AR-FL. 

Discussion 

Intratumoral  androgen  synthesis  is  now  well  established 
as  a  mechanism  that  contributes  to  AR  reactivation  after 
castration,  but  its  role  in  resistance  to  CYP17A1  inhibitors 
or  AR  antagonists  is  not  clear.  Results  in  this  study  show  that 
intratumoral  levels  of  androstenedione,  testosterone,  and 
DHT  are  not  restored  in  abiraterone-resistant  VCaP  xeno¬ 
grafts.  A  recent  study  similarly  found  that  androgen  levels 
remained  low  in  bone  marrow  aspirates  from  patients  with 
abiraterone-resistant  tumors  (24).  Importantly,  although 
these  findings  indicate  that  full  restoration  of  androgen 
synthesis  is  not  a  common  mechanisms  of  abiraterone 


resistance,  the  AR  may  remain  dependent  on  the  low  levels 
of  androgen  that  are  still  being  produced.  Indeed,  previous 
studies  have  shown  that  AR  may  become  sensitized  to  low 
levels  of  androgen  through  a  variety  of  mechanisms  (30). 
Amongst  the  genes  that  were  increased  in  the  abiraterone- 
resistant  VCaP  xenografts,  GATA2  was  previously  shown  to 
cooperate  with  AR  in  the  activation  of  multiple  androgen- 
regulated  genes  (31).  However,  we  did  not  observe  increases 
in  other  well-characterized  AR  coactivators  or  decreases  in 
AR  corepressors.  Interestingly,  a  negative  regulator  of  the 
phosphoinositide  3 -kinase  pathway  (PIK3IP1)  was  one  of 
the  most  upregulated  genes  in  the  abiraterone-resistant 
xenografts.  Recent  studies  show  that  the  PI3  kinase  pathway 
inhibition  may  enhance  AR  signaling  (32,  33),  but  the  basis 
for  this  effect  seen  in  PTEN-deficient  mouse  models  is  not 
clear  and  studies  in  other  models  have  yielded  conflicting 
results  (34-36).  We  also  observed  increased  expression  of 
BMX,  a  nonreceptor  tyrosine  kinase  shown  previously  to 
enhance  AR  activity  and  to  be  increased  in  CRPC  (37,  38). 
We  recently  reported  that  BMX  enhances  the  activity  of 
multiple  receptor  tyrosine  kinases  by  phosphorylating  a 
regulatory  site  in  their  kinase  domains,  but  its  role  in  CRPC 
remains  to  be  established  (39).  Finally,  expression  of  the 
mineralocorticoid  receptor  (NR3C2)  was  also  increased, 
but  its  potential  contribution  to  AR  signaling  remains  to 
be  determined. 

A  further  mechanism  implicated  in  resistance  to  andro¬ 
gen  deprivation  therapies  is  increased  expression  of  consti- 
tutively  active  AR  splice  variants  that  have  deleted  the  LBD 
(10,  14-20).  Indeed,  as  observed  here,  previous  reports 
found  that  AR  variants  were  increased  in  prostate  cancer 
xenografts  after  treatment  with  abiraterone  or  enzalutamide 
(10,  40).  Analyses  of  our  abiraterone-resistant  VCaP  xeno¬ 
grafts  showed  that  AR-V7  was  the  only  consistently 
expressed  AR  variant.  Expression  of  both  AR-FL  and  AR- 
V7  transcripts  were  increased  in  the  castration-resistant 
VCaP  xenografts,  and  were  further  increased  in  the  abira¬ 
terone-resistant  xenografts.  Significantly,  the  fold  increase 
in  AR-V7  was  markedly  more  than  for  AR-FL,  which  sug¬ 
gested  that  there  may  be  positive  selection  for  cells  with 
increased  AR-V7.  However,  further  studies  showed  that  the 
increase  in  AR-V7  reflected  rapid  feedback  mechanisms 
rather  than  selection  for  subclones  with  increased  AR-V7. 
Consistent  with  our  report  showing  that  AR  gene  transcrip¬ 
tion  is  negatively  regulated  by  agonist-liganded  AR  (21),  we 
found  that  DHT  rapidly  decreased  expression  of  both  AR-FL 
and  AR-V7.  Moreover,  we  found  that  generation  of  AR-V7 
was  further  suppressed  by  DHT  through  an  additional 
mechanism  that  was  dependent  on  AR-FL  and  required 
new  protein  synthesis.  Significantly,  a  report  that  came  out 
while  this  study  was  under  review  found  that  androgen 
deprivation  could  increase  recruitment  of  certain  splicing 
factors  that  enhanced  splicing  of  AR  pre-mRNA  to  AR-V7 
(41).  Further  studies  are  needed  to  determine  whether  new 
proteins  synthesized  in  response  to  DHT  impair  the  recruit¬ 
ment  of  these  splicing  factors  or  suppress  AR-V7  by  other 
mechanisms,  and  whether  they  have  broader  roles  in  AR 
function. 
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Despite  the  marked  fold  increase  in  AR-V7  mRNA  during 
the  development  of  castration  and  abiraterone  resistance, 
AR-V7  mRNA  remained  at  low  levels  compared  with  that  of 
AR-FL  (<1%).  Moreover,  although  AR-V7  protein  may  be 
somewhat  more  stable  than  AR-FL  under  some  conditions 
(29,  42),  we  found  that  AR-V7  protein  was  similarly  present 
at  very  low  levels  relative  to  AR-FL  in  castration-resistant 
VCaP  xenografts  and  in  androgen-starved  VCaP  cells  in  vitro. 
As  AR  activity  in  the  androgen-starved  VCaP  cells  in  vitro  is 
markedly  decreased,  these  observations  indicate  that  AR-V7 
expressed  at  these  low  levels  is  unlikely  to  be  the  major 
factor  driving  high-level  AR  activity  in  the  castration-  or 
abiraterone-resistant  xenografts.  Nonetheless,  the  function¬ 
al  analysis  of  AR-V7  in  androgen-starved  VCaP  cells  showed 
that  it  could  make  a  substantial  contribution  to  the  residual 
basal  AR  activity  under  conditions  where  AR-FL  is  impaired. 
Therefore,  we  hypothesize  that  the  rapid  induction  of  AR-V7 
immediately  after  androgen  deprivation,  mediated  by  both 
an  increase  in  AR  gene  transcription  and  a  decrease  in 
androgen-regulated  factors  that  suppress  generation  of  the 
AR-V7  splice  variant,  represents  a  mechanism  by  which 
tumor  cells  retain  low  levels  of  AR  activity  needed  for 
survival  until  more  potent  mechanisms  emerge.  Important¬ 
ly,  this  would  suggest  that  agents  targeting  AR  splice  variants 
may  be  most  effective  when  used  early  in  conjunction  with 
androgen  deprivation  or  antagonists  that  target  the  LBD, 
and  that  their  efficacy  may  be  markedly  diminished  if  used 
later  at  relapse  when  additional  mechanisms  are  driving  AR 
activity.  An  exception  may  be  in  tumors  expressing  very  high 
levels  of  AR  splice  variants  relative  to  AR-FL.  Although  these 
tumors  currently  seem  to  be  infrequent,  and  may  occur 
primarily  due  to  structural  alterations  in  the  AR  gene 
(14,  18,  27,  43),  they  may  become  frequent  as  patients 
become  resistant  to  more  potent  agents  targeting  the  AR 
LBD. 
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